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THE REGULATION OF THE RESPIRATORY MO\^MENTS BY 
PERIPHERAL CHEMO-RECEPTORS 
AUGUST Pi-SUfSHER 

Instituto de Mcdictna Expei imental — Univeraidcul de Caracas 

1. The regulation of the respiratory movements by chemical influences on tht 
resphatory centers has been demonstrated repeatedly since the classical observa- 
tions of Rosenthal (1880) on the respiratory effects of oxygen-lack; of Pfltigei 
(1868) on the influence of metabolites accumulated in the blood; and of Hermann 
(1870) on the action of carbon dioxide and the variations in excitability of the 
centers "which depend upon the oxygen tension of the blood. Of particular 
impoitance are the experiments of Fredericq (1890), using for the first time the 
method of crossed circula'tion, and the more recent work of Haldane and Priestley 
(1906), Haldane and Poulton (1909), Henderson (1908-38), Winterstein (1911), 
Hasselbalch (1912), Hooker, Wilson and Connett (1917), Gesell (1925), Dautre- 
bande (1930), Win-terstein and Fruhling (1934), and many others. The increase 
ia "the concentration of carbon dioxide in the alveolar air, in the blood and in "the 
cells themselves which form these centem stimulates the pulmonary ventilation. 

This action of carbon dioxide, or of oxygen-lack, on the various types of 
respiration in air or in water is formd in the most diverse species of animals. It 
represents a universal biological phenomenon. It is evident in mammals, birds, 
amphibia and reptiles. Westerlund (1906), Olthoff (1936) and Powers and 
Clark (1942) observed it in fishes; Fox and Johnson (1934), Peters (1938) and 
Lindroth (1938) in cmrstacea; Winterstein (1925) in cwtain cephalopods, etc. It 
is inter’esting to pomt out that m aquatic respiration a low oxygen tension is 
more effective than the concentration of carbon dioxide in increasing the respira- 
tion (Meyer, 1935; Heerdt and Kriigsman, 1939) an effect which is not sur- 
prising considering the physical conditions of the medium. These important 
questions have been examined by Krogh (1941). 

The control of pulmonary or branchial ventilation occurs through the action 
of the centers which ore affected by the gas content of the internal en'viromnent 
in relation to the composition of the external environment. But the poraibility 
of peripheral chemo-i'eceptors which may evoke reflexes adequate for the respir- 
atory needs must also bo considered. 

“For various reasons,” I wi’ote m 1918, “we consider that in addition to the 
central chemical influences there must be a peripheral regulatory factor acting 
through receptors which ore also sensildve "to chemical changes. Just as the 
vagus transmits afferent impulses in response to mechanical stimuli at the level 
of the -lung which have reflex effects, so there must be pheripheral receptors 
which are excited by variations in the concentration of carbon dioxide.” 

This hypothesis has classical antecedents. Dondrars (1853), Bems (1870) and 
‘Traube (1871) thought that the increase of carbon dioxide in the air contained 
in the lungs must be concerned in the regulation of the respiratoiy movements. 
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Nevertheless, because of the lack of suffident experimental proof, because of the 
study of the mechanical reflexes begun by Hering and Breuer (1868) and con- 
tinue by Gad (1880), Zuntz and Geppert (1888), Head (1889) and many others, 
and because of the very important work of Haldane and his school and of those 
predously mentioned on the effect of the gas content of the blood on the func- 
tions of the respiratory centers which regulate the movements, no attention was 
paid to the peripheral chemical control of the respiration. 

Starling stated in his Prindplea of Human Physiology (1916) : “If ... we 
succeed in altering the tendons erf the two gases (oxygen and carbon dioxide) in 
the alveolar air we may assume that the tendons of the gases in the arterial blood 
leaving the limp are altered in the same ratio.” Through the action of chemo- 
receptors in the terminal portions of the respiratory apparatus, the compodtion 
of the alveolar air and therefore of the gas content of the blood is adjusted with 
the result that the ventilation would always be what the circumstances require. 
Only high concentrations of carbon dioxide in the inspired air, which increase the 
ventilation enormoudy, are able to raise the concentration of carbon dioxide in 
the alveolar air appreciably. The great speed of the responses, and the exacti- 
tude vith which compensation is produced, lead one to suppose that there are 
reflexes evoked by chemical excitation from the respiratory apparatus which 
would operate previous to any humordl influence. 

The experiments of Haldane (1922) show that if air with increasing quantities 
of carbon dioxide is breathed, it is poadbte for the ventilation rate to be doubled 
with practically no change in the compodtion of the alveolar air. Campbell, 
Douglas and Hobson (1914) observed that an increase of 2.5 mm. Hg in the 
carbon dioxide tension is suffident to bring the ventilation to 10 liters per minute. 
These observations have been confirmed repeatedly (Campbell, Douglas, Haldane 
and Hobson, 1913; Douglas and Harvard, 1932; Barcroft and Margaria, 1931). 

Nor, on the other band, does rarefaction of the air change the gas content of 
the arterial blood appreciably, as has be^ known since the work of FrSnkel and 
Geppert (1883) : at a pressured 410 mm. Hg there is no change in the gas content 
of Ihe blood; nevertheless the respiratory dynamics have been modified. 

The results obtained by Scott (1908) fumish very interesting data: without 
the vagi, the control of the respiration is uncertain, the reactions are dower and 
last longer after a carbon dioxide mixture has been breathed, and in general the 
adjustment of the rei^iration to phydolo^cal requirements is inexact. If the 
respiratory movements depended solely upon the humoral influence on the 
centers, and the vagus were limited to the rdle of a sensory nerve for m echanica l 
receptors, there would not be such marked differences in the respiratory reactions 
to inspired carbon dioxide when the vagus is intact and when it has been out. 
Our experiments designed to clarify this problem have been numerous and of 
various tyi)^. 

At first we studied (1918) the behaviOT of the respiration in vagotomized dogs 
exposed to the same concentrations of carbon dioxide in air, before and after the 
operation. Observations were made immediately after the section of the vagi 
or some hours later. The differences with respect to the normal were always 
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noteworthy in that they showed lack of precision and delay in motor reactions 
when the vagal innervation was absent. Our conclusions were: 1. The con- 
stancy of the proportion of CO 9 in the alveolar air contradicts the hypothesis that 
the respiratory stimulation is exclusively of central origin evoked by the excess 
of COa or lack of Oa in the blood. 2. T^he lung and the bronchial ramifications 
are sensitive to different chemical stimuli, which can evoke reflexes. 3. In 
addition to the well known action on the respiratory centers, there is exerted a 
parallel or perhaps a previous peripharid influence due to the excitation of end- 
organs which are sensitive to stimuli of chemical nature by the CO* contained in 
the ioi^ired air. 

The following year in collaboration with Bellido (1919-21) and as a more 
evident demonstration we devised a crossed-circulation technique, otherwise 
known as the “dog with two heads.” The central stumps of the carotids and 
jugulars of the donor dog “A” are joined to the cephalic stumps of the corre- 
sponding vessels of “B,” the dog in which the experiment is performed. The 
vertebral arteries of the latter dog are also ligated, and the animals are chosen so 
that “A” is sufficiently larger than “B” and its carotid pressure higher, thus 
preventing the head of the recipient frmn receiving its own blood through the 
intravertebral plexuses. C. Heymans and Ladon in 1925 and J. F. and C. 
Heymans in 1926 proposed a definitive method mmilar to ours except that they 
cut off the head of “B” (method of the isolated head) and record respiratory 
movements of the larynx and floor of the mouth. With Puche (1930) we studied 
various ways of registering these movements with the purpose of improving the 
recording. Isolation of the head assure that only the blood of the donor d(^ 
reaches it, because it is connected to the trunk only by the vagL 

When the respiratoiy centers of “B” are perfused by either of the two pro- 
cedmres with the blood of “A,” which is breathing normally or. in some of the 
experiments is given artiflcial respiration, and “B” or its trunk which has been 
separated from the head is made to breathe air with COs, an mcrease in the 
frequency and depth of respiration is observed. 

With Puche £md Kaventds (1930) we used also the technique of the isolated 
head. As in our first experiments of 1919 and succeeding years, if after decapi- 
tating “B,” leaving the head which is connected with the trunk only by "vvay of 
the vagi, we caused the trunk to breathe air with CO*, the head responded with 
an increased intensity of the respiratory movements, despite the fact that it was 
being perfused with normal arterial blood from the donor dog “A.” 

The researches of J. F. and C. Heymans (1926-28) showed that the head, 
besides responding to mechanical stimulation of the pulmonary vagal endings 
(Hering-Breuer reflex), also responds to peripheral chemical stimuli. A reflex 
apnea is produced by over-ventilation as described by Herii^ and Breuer (1868) 
and afterwards studied by Baglioni (19(^), Foa (1909-11), Githens and Melteer 
(19f4), Joseph (1922), Puche (1923), Meek (1923) and others. This apnea has 
been generally attributed to over-distention of the lungs, but Heymans and Hey- 
mans state that the major factor in producing it is the peripheral sensitivity to 
the concentration of CO* in tho blood. Such a sensitivity was su^ested by 
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Luciani (1888) and Bordoni (1888). Anemia of the trunk with asphyxia of the 
tissues causes acceleration of breathing, thus confirming the possible periphei'al 
origin of the dyspnea in addition to its central origin, a thesis which had been 
propased earliei’ by Francois Franck (1890), Hoffmann (1900), Porter and New- 
burgh (191&-17) and Dunn (1920). HeyTuans and Heymans were able to 
demoiL^trate also the relation between the cardio-aortic pressure and the breath 
rhythm, and, a fact which interests us particularly, respiratory responses to 
changes in the composition of the inspired air and in the gas content of the blood 
cii'culating through the heart and great vessels. 

Heymans, Bouckaert and Regniers (1933) -write : ‘‘ J. F. and C. Hejrmans ob- 
served that intense hyper^’entilation of the trunk of dog ‘B’ causes reflex apnea 
of -the isolated head of the same animal; on the other hand, progressive asphyxia 
of the trunk by withholding artificial respiration or the administration of air with 
carbon dioxide, causes the reappearance of respiiatory movements of the head 
followed by a progressive increase in their amplitude as the asphyxia becomes 
more .severe.” Heymans and Heymans -wrote in 1927: “These experiments 
taken together show that the vagi contribute to the reflex regulation of the 
acti-\flty of the respiratory center according to -the peripheral respiratoiy and 
circulatory conditions. The respiratory cen-ter can be excited in the same way 
by a peripheral state of asphyxia or anoxemia as by a central state.” Having 
demonstrated the existence of respiratory reflexes evoked by chemical stimuli 
HejTnans and Hermans (1927) then set out to discover the peripheral origin of 
the respirator^' tone and of the vagal influence on the respiration. For this 
purpose they performed various series of experiments demonstrating that the 
cardio-aortic inti’aceptive zone is the place of origin not only of circulatory re- 
flexes but of respiratory reflexes as well and that the stimuli can be chemical as 
well as mechanical. “The intrapulmonaiy or humoral accumulation of carbon 
dioxide in the trunk constitutes the vagal reflex stimulus of the respiratory center 
of the isolated head.” 

From then' experiments Heymans and Heymans concluded that the respiratory 
refiexogenic zones which are affected by chemical stimuli are found in the central 
oigans of the circulation, the heart and the aorta, and that the lungs have no 
specific excitability to carbon dioxide. In our judgment this last proposition has 
not been confirmed. In the first place it should be remembered that it is more or 
1^ asphyctic blood circulating through the lungs which is used as a stimulus and 
not the inspired air, -which would affect the whole re^iratoiy tree, from -fche nose 
to the pulmonary alveoli. Thus it is rather -the functions of a refiexogenic zone 
in the circulatory apparatus which are being investigated— the sensory innerva- 
tion of the pulmonary vessels stimulated by changes in the composition of the blood — 
and not whether the respiratory pathways respond to the composition of the air. 
A©un, the important operative intervention, extirpation of the heart and great 
vessels, may suffice to put the animal in an imphysiological sta-te; and one must 
reckon also with -fche possibility that many sensory fibres of "the pulmonary plex- 
uses which pass -to the ^mgi may be damaged by the same operation. All of this 
may damage m: alter the -vagal sensitivity and cause the vagotonic type of r^ira- 
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■tion observed and the scarcely appreciable reaction to the circulation of the 
hypercapnic blood. It is invalid to argue that the Hering-Breuer reflex, ■which 
is knoAvn to be very rough, is still present. Ani*ep and Samaan (1933) have 
shown in denervation experiments that a very few remaining fibres are sufficient 
to cause this reflex to persist. 

After "tihe demonstration l^y Heymans and Heymans of the existence of circu- 
latory reflcxogenic zones with chemo-receptors we decided "to return to the sub- 
ject of pulmonary sensitmty. In new publications ■with Puche (1930) and wi'fch 
Raventbs (1931-33) we employed the "technique of "the isolated head as usual, and 
in order to exclude all circulatoiy influence we bled "the "trunk “B” completely 
and rapidly by cutting the abdominal aoiia until the heart stopped. Thus all 
cii’culatoiy factore both mechanical and chemical are suppressed since the blood 
no longer circula'ted. It is cei*tain that Avith this bleeding the sensitmty of the 
lungs is di minis hed; but this fact, which furnishes a valid objection to negative 
interpre^tations, is favorable the other 'way around; in the normal state the reflex 
would logically be more intense and more effective. 

With "tlie addition of COj in varying proportions to the air going into 'the "trunk, 
"VA’hile identical mechanical conditions of respiration are maintained, it is shown 
that even in such unfavorable circmnstances the inhalation of COj intensifies the 
movements of the isolated liead AA'hich are already increased as a result of hemor- 
rhage and subsequent asphyxia of the tissues. 

We have tested also the response to the inhalation of irritant gases, hydrogen 
chloride and ammonia, and confirmed the observationB made with Bellido (1919). 

Heymans has (1929-83) raised the objection to "the conclusions from these 
experiments that in the production of the reflexas observed it is not a specific 
sensitivity which is acting, but the general sensitivity to irritant agen"tB. “The 
results obtained by Pi-Sufler and BeUido,” state Cordier and Heymans (1935) 
“are certainly due to the fact that these authors have administered by inhalation 
ah* with concentrations of CO* Avhich pass beyond physiological limits and even 
beyond the pathological. It is a question of phenomena of pharmacological 
order.” It is difficult to know Avhere a specific chemical excitation ends and 
where an irritant, nociceptive excitetion of chemical ori^ begins, and where is 
located the boundaiy wMch separates physiology from pharmacology. HCl and 
NHiOH for example do not inciBase the depth and rate of respiration like CO*, 
but they inhibit it or provoke abnormal reactions: cough, spasm, etc. Borcroft 
and M^garia (1932) observed that high concentrations of CO* cause a charac- 
teristic type of respiration, which is not a simple increase but may be faster or 
slower depending upon the pre"vious rate. After section of the vagi the breath- 
ing of high concen-fcrations of CO* m air is usually followed by completely ab- 
normal symptoms analogous "to those observed by Lumsden (1923) upon section- 
ing the medulla at various levels, and similar to those which Taylor (1930) 
observed after the adnainistration of cyanide: apneusis, gasps and finally paraly- 
sis. Some of our positive results have been ob"bained with mixtures of air smd 
CO* which are closer to the normal and in which it cannot be said that carbon 
dioxide acts os on irritant gas. 
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The negative results of Partridge (1933), who attempted to record vagal 
action currents using inspired GOi as a stimulus, have also been cited in opposi- 
tion to the theory of pulmonary chemical sensitivity. This is a problem which 
we began to study with Bellido in 1921. The electrovagograms which we ob- 
tained then showed certain differences when the animal breathed carbon dioxide, 
but were not conclusive. Our technique at that time was deficient. Adrian 
(1933) states that concentrations of COs in air higher than ten per cent cause a 
modification, a slight diminution in the intensit^'^ of the impulses passing in the 
vagus when the lung is distended, but that these effects are small and within 
the limits of possible experimental error. Bullring and Whitteridge (1943-44) 
say that an increase in vagal electric discharge — single fibre preparation — occurs 
as soon as a volatile anesthetic — ethyl chloride, chloroform, ether, divinyl ether, 
trichlorethylene, etc. — ^reaches the lung, whether it is administered by inhalation 
or intravenously. But it is not possible to state that the respiration of air with 
carbon dioxide in greater concentration than normal is accompanied by definite 
signs in the electrovagogram. 

In a later series of experiments (Pi-Su£er and Raventfis, 1931) we have returned 
to the question, making the conditions of observation more rigorous even at the 
cost of simplicity. Using the method of the isolated head, we placed a cannula 
in the pulmonary artery and another in the left auricle of the trunk of “B.” Al) 
of the rest of the heart and the thoracic aorta were removed, care being taken to 
avoid damage insofar as posable to the nerve fibres which form the plexuses at 
the roots of the lungs and their vagal continuation. Defibrinated, oxygenated, 
blood was pmfused through the lungs by means of a Dale Schuster pump. Thus 
only the lungs and head of dog “B” remained alive, connected by the vagi which 
had been cut below the heart. After this procedure it is still possible to obtain 
respiratory responses to the inhalation of air with COj. It is evident that such 
reflexes cannot originate in the heart and aorta which are no longer present, and 
that they are due to the influence of the inspired carbon dioxide upon lungs 
which are perfused with blood of constant gas content. 

Another series of experiments recently completed (1938-42) consisted in 
denervating the heart and great vessels while leaving the pulmonary innerv’ation 
intact insofar as possible. Again we used the technique of the isolated head 
perfused with blood from a donor dog “A.” Belying upon the anatomical 
finding of Lim (1893), Cannon, Lewis and Britton (1926) and Barry (1936), we 
established a technique of intrathoracic denervation of the heart MiTnilii.r to that 
described by Anrep and Samoan (1933) and Anrep, Pascual and Bossier (1932). 

With this procedure the breathing of air with OOa by the trunk gives rise to 
changes in the respiratory movements of the head. Now the responses to chemi- 
cal stimuli cannot arise in the heart and aorta which have been denervated, nor 
from the carotid rinus which, as in all the experiments with the isolated head, 
remains in the head and is perfused by blood from the donor dog. 

It is important to mention the work of Dirken and Van Dishoeck (19370 who 
also demonstrated the sensitivity of the lung to changes in the concentration of 
COs in the alveolar air and concluded that the nerve endings present in the lungs 
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are sensitive to changes in the concentration of COi such as are found normally in 
alveolar air, i.e., 6 to 6 per cent. 

Dirken and Van Dishoeck consider furthermore that the sensitivity of the 
pulmonary receptors is limited to CO* because they did not note any (Terence 
in the reflex respiratory responses, when the proportions of oxygen and nitrogen 
were varied in the breathed gas mixtures. Bilateral section of the vagi abolished 
the reflex effects of changes of CO* in the air. 

After confirming the sensitivity to CO* of pulmonary and bronchial chemo- 
receptors, the authors reach a paradoxical conclusion: these receptors are not iJie 
instruments of "^e normal regulation of the respiratory movements. They 
observed in some experiments that as the frequency of the inspirations increased 
their amplitude was reduced, and they inferred from this fact that the ventila- 
tion was not changed. They doubt that the phenomena observed depend upon 
a dii'ect sensitivity to carbon dioxide on the part of the pulmonary endings, 
attributing them rather to changes in the excitability of the receptors for their 
natural physiological stimulus : the collapse and the expansion of the lung evoking 
reflexes through mechanical stimuli. However the fundamental fact is the 
existence of endings which are sensitive to changes in the concentration of CO* 
in the alveolar and bronchial air and which Influence the movements of 
respiration. 

Recently Hommouda, Samaan and Wilson (1942-43) reaffirmed once again that 
the fibres in the vagi which conduct the afferent impulses of the reflexes of infla- 
tion and deflation are of pulmonary origin, and Bagoury and Samaan (1941) have 
studied respiratory reflexes by injecting ketone-bodies into the pulmonary circula- 
tion. The authors prevented any possible central action of the blood; the vagal 
excitation arose from sensoiy endings of the lungs. These pulmonary endings 
would therefore be sensitive both to medianical and to chemical stimuli. 

Eppinger, Fapp and Schwartz (1924) infer the mediation of pulmonary chemi- 
cal sensitivity in studying the mechanism of cardiac asthma; Dunn (1920) and 
Bmger and Moore (1927) consider also local pulmonary mfiuences when they 
attempt to interpret the hyperpnea of pulmonary embolism, and Churchill and 
Cope (1920) do likewise in considering the dyspnea observed in puhnonaiy edema 
and which they attribute to the excitation of sensory endings in the lung. 

Another important aspect is the debated intervention of the lung in the main- 
tenance of vagal tone. Heymans and Heymans observe a disappearance of Ihe 
lespiratojy tone, maintained by the vagus, when the stimuli arismg in the heart 
and aorta are no longer present and only those arismg in the lungs remain. 
Heymans and Heymans conclude that the lungs are not the site of origm of the 
centripetal vagal impulses which maintain the physiological respiratory vagal 
tone and the reflex excitation and inhibirion of the respiratory center in relation to 
respiratory and circulatory mechanisms. 

Our observations demonstrated that after bleeding the trunk and therefore 
excluding all circulatory influence mth^ mechanical or chemical, the normal 
rhythm of the respiratory movements of the head continues. It is only after 
section of the vagi that respiration of the posi^agotonie type appears. This suggests 
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that at least the sensory innen’-ation of the lung assists in maintaming the vagal 
tone. 

The latter proposition is confirmed by the investigations of Anrep and Samaan 
(1933). These authors cite the Tvork of Pavlov (1895-96) and his pupils and 
collaborators, Cachovsky (1899) and Cheshcov (1902), studying the I'espiratory 
movements in vagotomized dogs surviving up to nineteen months after operation. 
Just as in the acute experiments, the rate is reduced to 4-8 per minute immedi- 
ately after the section of the vagi, speeding up in the second or third week, and 
slowing down again to the same original bardypneic rate which is maintained 
until the death of the animal. Pavlov attributed the initial slowing to the cut- 
ting of sensory fibres of pulmonary origin and the subsequent acceleration to a 
process of iiritation in the same fibres with scarring of the central stump of the 
cut nen,^e. When the process of cicatrization is completed the rhythm charac- 
teristic of the absence of vagal affm'ent impulses is re-established. Sharpey- 
Schafer (1932) 'states that the respiratory slowing is due to the increased resist- 
ance to the passage of air through the respiratory pathways owing to paralysis 
of the laryngeal nerves. It has not been difi&cult to demonstrate the eiTor of 
this opinion. Heymans and Heymans (1927) assert that the post-vagotonic 
rhythm is due to the lack of cardio-aortic control. The “respiratory tone” is of 
cardio-aortic or^in and disappears when the vagal fibres arising in that region 
are cut. “No direct evidence in support of this \iew is, however, provided,”" 
write Anrep and Samaan, who have shown that section of the vagal fibres at the 
level of the root of the lung does not alter the cardio-aortic innervation and that 
the branches w’hich leave below this point go to the lung, with the exception of a 
few which pass to the esophagus. Taking into account these anatomical findings, 
Anrep and Samaan (1933) denervated the heart and aorta by means of intro- 
thoracic dissection without producing the respiratory rhythm typical of vagal 
section. The section of one of the vagi and cardio-aortic denervation on the 
opposite side did not cause vagotonic respiration either. Later section of the 
remaining vagus in the neck caused this type of respiration to appear at once. 
Moreover, they sectioned the vagus below or at the level where the pulmonaiy 
branches leave the main trunk and compared the different results in the two 
cases. With the low section no differences in rate were observed; with the high 
section the characteristic slow respiration appeared; it switched from 24 to 7 
respirations per minute. Subsequent bilateral vagotomy in the neck no longer 
modified this slow rate. This observation produces additional evidence against 
the cardio-aortic theory as well as against the laryngeal theory of Sharpey- 
Schafer. 

Bouckaert and Heymans (1933) comment: “The reflex and tonic influences of 
the pulmonary vagus on the acti^Tty of Ihe respiratory centre is a well-known and 
generally accepted fact (Hering and Breuer, 1868; Head, 1889; Haldane, 1922; 
J. F. and C. He ymans , 1926; C. Heymans, 1928; Hoffmann and Keller, 1929; 
Hess, 1931 ; Anrep and Samaan, 1933) . It has be^ shown by J. F. and C. Hey- 
mans (1926) and C. Heymans (1928, 195®a, b) that the vago-depressor nerves in 
dogs axe also the centripetal paths of r^piratory reflexes in relation with the 
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cardio-aortic blood-pressure .... The normal arterial pressure in the left heart 
and aortic arch maintains a respiratory reflex tonus. Anrep and Samaan (1933) 
cannot find any evidence that cardio-aortic impulses invariably exert on the rate 
of the respiration a regulating influence which can be compared with the definite 
and constant dependence of the respiration rate on the pulmonary innervation. 

Recently Sidney Harris (1945) has studied the beha^^or of the respiratory 
tonus in anoxia. Diuing the reduction of oxygen content in inspired air to 
about 8 per cent the volume of the cat’s chest at the end of expiration increased 
about three times the volume of a normal respiration. After vagotomy the 
anoxic increase in expiratory volume was about one-third as great as with the 
vagi intact. Crushing the ner^^es from the carotid chemo-receptors had little 
or no effect upon the reaction. An excess of the COs in the oxygen deficient air 
did not prevent the increase in lespiratory chest volume, but it did greatly 
increase the mmute-volume of respiration. GeseU and Moyer (1934-35) and 
Green and Swanson (1938) had earlier reached similar conclusions. 

Hermann, Jourdan and Vial (1934) surest as a result of their experimental 
obseiwations that tho tone of the pulmonary vagus is continuous, depressiag the 
activity of the cardio-inhibitory center and eliciting circulatory pressor reflexes 
which ai’c antagonistic to tho depressor reflexes aiismg in the cardio-aortic sensory 
area and in the sensory area of the cai*otid sinus. These conclusions, perhaps 
too schematic, arc nevertheless of interest because they are based on experiments 
w’hich demonstrate once again the rdle of the pulmonary vagus in controlling the 
respiratory tonus. 

The existence of sensory endings in the resphatory apparatus should now be 
considei’ed. Schumacher (1902), Hudovemig (1907), Tello (1924), Perman 
(1924), Gaylor (1934), demonstrated these receptors in the alveolar duct and the 
presence of fibres of pulmonary origia in the vagus nerve. Larsell (1921-39), 
Loisoll and Bm'get (1924) and Sunder-Plassmonn (1933) d^ribe sensory nerve 
endings in the mucosa of the bronchi and trachea which are probably sensitive 
to mechanical stimuli. According to LarseU (1939), receptors of a different 
morphological t 3 rpc are found in the depths of the respiratory tree and it may be 
inferi'ed that they are chomo-receptoi's because of their location directly in the air 
passage. 

The fibres pi’oceoding from all these endings ascend with the vagus, but 
Beccori (1934) believes that some afferent respiratory fibres also pass with the 
sympathetic, a fact in accord with the scheme of double sensory innervation of 
the vegetative organs through the sympathetic and parasympathetic outlined by 
Pi-Suliei* and Puche (1928-30). Brookhart and Steffensen (1936) observe re- 
spiratory effects when the stellated ^iriglion is ablated, but they do not conclude 
tiiat the afferent fibres implicated in the Hering and Breuer’s reflex should 
necessarily pass throng it. 

Numerous facts, established by us and by other authors, demonstrate the 
chemical sensitivity of pulmonary origin. Heymans and Heymans have shown 
that the cardio-aortic areas are sensitive to chemical stimuli, and they think that 
the latter sensitivity is linked to the circulatory apparatus and excludes the 
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p nlmnnmy p.hftmifial one. We consider, liowever, that no incompatibility exists^ 
that, on the contrary, the effects of peripheral excitation of separate origin 
support each other fimctionally. 

II. It is a well established fact that different sensory regions operate gynergis- 
ticalJy in the control of distinct vegetative functions. In the case of the respira- 
tory ftTiH circulatory reflexes the sensory regions are various and do not hinder 
the function of one another but rather coordinate their regulatory influences. 

Since the early observations of Pagano (1900) and Siciliano (1900) and the 
description bj’ Hiring (1927-32) of the functions of the carotid sinus, a number of 
authors have devoted themselves to this very important reflexog^c zone. The 
sinus M concerned not only with the regulation of circulatory dynamics under the 
influence of fibung pR in the blood pressure, but its action extends also to various 
functions; among these is the respiratory. 

“IVIany clinicians,” write Heymans, Bouckaert and Regniers (1933), “have 
called attention for some time to the fact that carotid compreision elicits changes 
in respiration.” Tschermack (1866), Quincke (1875), SoUmann and Brown 
(1912), Danielopolu, Asland, Marcou, Proca and Manescu (1927), Danielopolu, 
Manescu and Proca (1928), Wenckebach and Winterberg (1927) proved that 
traction on the cephalic stump of the recently cut carotid awakes reflexes through 
mechanical excitation of the sinus. Similar findings have since been demon- 
stirated repeatedly: Gollwrtzer-Meyer and Schulte (1931), Schmidt (1932), 
Winder, Winder and Gesell (1933), GemmiU and Reeves (19^). 

Moisejeff (1927) demonstrated that such effects originate in the sinus. Upon 
ligating the vessels which arise from the bifurcation of the carotid and perfusing 
the sinus he found inhibition of the r^iratory movements when the pressure of 
the perfusiag fluid increased. C. Heymans (1929) and Heymans and Bouckaert 
(1929-30) have confirmed these resulis. Afferent nerv^e impulses arise in the 
carotid sinus as a result of mechanical excitation and intervene in the proce^ of 
r^julation of the respiratory dynamics just as in the case of the circulatory. 
Houssay and Orias (1934) have studied the effects of excitation of the sinus on the 
contraction of the smooth muscle of the bronchioles and have observed incon- 
stant reflex effects. 

But not only do the mechanical conditions of the circulation influence the 
respiration through carotid and aortic body reflexes. The composition oj the 
blood M equally effectiue, particularly the content of COa and oxygen. 

Heymans, Bouckaert and Dautrebande (1930-31-32) iimng the previously 
described technique of Moisejeff, discovered that acapnia of the blood produces 
reflex inhibition of the respiratory center while blood with on excess of COa 
stimulates the center. According to Heymans, Bouckaert and Regniers (1933) 
the most effective chemical stimuli for the carotid body are hypercapnia, anox- 
emia and increased concentration of hydrogen ions. There immediately 
appeared numerous conflrmations; Owen and Gesell (1931), Schmidt (1932), 
Sefiadurai and Wri^t (1932), Bemthal (1934), Heymans, Bouckaert and Samaan 
(1935), Gayet, Bennati and Quivy (1935), Samaan and StdOa (1935), Zottermann 
(1935), etc. Sli^t changes in the composition of the blood passing through the 
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carotid sinus give rise to vigorous circulatory and respiratory responses. Hill 
and Flack (1908), Piras (1922), Frey (1923) and Hess (1931) did not believe that 
the respiration could be influenced normally in reflex fashion by a greater or 
lesser concentration of CO 2 in the blood. Hering (1932) and Mies (1932) discuss 
the chemical sensitivity of the carotid body; Grollwitzer-Meyer and Schulte (1931) 
and GoUwitzer-Meyer (1934) the specificity of the sensitivity to CO*. Such a 
mass of confirmatory results was so gathered together that there is no possible 
doubt. 

Anatomical iuvastigation has also been here of great value. De Castro (1926- 
28) began the studies by describing a complex system of receptors in the carotid 
sinus. He explored immediately the carotid body or glomus at the bifurcation 
of the carotids m anatomical continuity with the siaus. It is a small organ 
which has the appearance of an endocrine gland, possesses certeunly an intense 
metabolism and among its cells is distributed a profuse net of nerve endings. 
Sunder-Plassmonn (1930) furnish^ interesting data and Heymans, Bouckaert 
and Eegniers (1933) give in their turn a description of the region. Ask-Upmark 
(1935) has studied the comparative anatomy of the sinus in twenty-seven species 
of animals. Nonidez (1936-36) and Boyd (1937) have found glomerular tissue 
in other vaso-sensory regions: principally in the aorta (Penitschka, 1931) — 
“Glomus aorticum” — and in the vicinity of the pulmonary artery — “glomus 
pulmonale.” There are other analogous cellular formations, e.g., the coccygeal 
body. And perhaps one might refer to this group of small organs the groups of 
cells attached to or near the peripheral v^iels described by Goormaghtigh (1935) 
which he considers to belong to the neuro-vegetative system. The glomera are 
|)robably a port of the chromaffin system even thou^ their cells do not usually 
^ow the characteristic protoplasmic granules which are stained by chromates. 
The glomera seem to respond especially to chemical stimuli, above all those 
which are found in asphyxia: anoxemia, hypercapnia, acidosis. 

In 1931 Heymans, Bouckaert and Dautrebande observed that ligature of the 
nerve fibres arising in the carotid sinus prevents reflex adaptation to changes in 
the pressure of the blood contamed in the tinus but do^ not abolish the reflexes 
elicited by chemical stimuli. And reciprocally according to Heymans and 
Bouckaert (1932) it is possible to inactivate the chemo-reoeptors by producing 
emboli with lycopodium powder in the vessels of the glomus while preserving the 
sensitivity to pressure. Gollwitzer-Meyer and Schulte (1931) and GoUwitzer- 
Meyer (1934) observed that lobeline exerts its action, which is identical with 
that of anoxemia, only when it reaches the carotid body. Danielopolu, Asland 
and Harcou (1933) also separate the location of presso-receptois of the sinus and 
chemo-receptors which are in the carotid bodies. Camus, Bernard and Merklen 
(1934) brought new confirmation by cutting the fibr^ from the presso-receptors, 
and Comroe and Schmidt (1938) conclude that the receptors for pressure are 
found particularly if not exclusively in the carotid sinus itself, while the ohemo- 
receptors are at the origin of the octipital artery near the carotid body and 
probably in the carotid body itself. 

The study of the electrical variations produced in the nerve of Hering due to 
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the functional state of the carotid sinus has given data which demonstrate also 
the topographical separation of the receptors. Bronk and Stella (1932) observed 
that action currents in the ner\’e result not only from distention of the sinus by 
increase in the blood pressure, but can be produced also by other kinds of stimula- 
tion. Heymans and Rijlant (1933) showed the presence of impulses in the same 
nen^e vhich bore no relation to the pressure in the sinus and were dependent on 
the state of ventilation of the animal: when the ventilation is poor the discharges 
are more intense; the excitation which sets up the impulses is not mechanical but 
chemical depending upon the gas content of the blood. Bogue and Stella (1934- 
36), Zottermann (1936), Euler, LUjestrand and Zottermann (1939) confirm these 
observations in experiments on cats and suppose that the starting point of the 
impulses is the carotid body. Bronk and SteUa (1934) confiim the independence 
of the chemo-receptors and the presso-receptors. Samaan and Stella (1936) have 
studied the influence of changes in the composition of the blood on the action cur- 
rents in the nerve from the carotid body and have ^own that these currents 
cease when the tension of carbon dioxide m the blood is reduced below 32-36 mm. 
Hg. The physiological tension of carbon dioxide in the arterial blood will 
maintain therefore a tonic excitation of the carotid chemo-receptors and throu^ 
them of the respiratory centers as has been shown by Selladurai and Wright 
(1932) and by Witt, Kata and Kohn (1934). Euler, Liljestrand and Zotter- 
mann (1939) agree with the earlier conclusions but consider that the physiological 
tension of oxygen is equally as effective as that of carbon dioxide. 

In the aorta the two lypes of receptors, mechanical and chemical, ore likewise 
found separated from one another. Comioe (1939) 1ms studied the aortic chemo- 
receptors and particularly the aortic body which is similar to the carotid body, 
and has established that the bodies are in both cases the point of origin of circula- 
tory and respiratory lesponses to anoxia; in the dog the aoitiic leceptors are said 
to elicit reflexes which are predominantly circulatory while the carotid body is 
the principal point oi origin of respiratoiy reflexes. There are nevertheless 
individual differences, and in the cat the functional specialization does not seem 
to be so clear. Gellhom and Lambert (1939) believe that the circulation is 
regulated by the presso-receptors while the respiration depends principally on 
the chemo-receptors. 

III. With the demonstration of the diemical sensitivity of the various vascular 
zon^, the most important of which are the carotid sinus and the aoita, it was 
logical to study the ph^'siological significance of this sensitivity in comparison 
with that of the respiratoiy centers, “Central chemical control,” writes GesoU 
(1939) “which had be«i accepted on faith, was not on the defensive. In the 
confusion, many adopted new faiths whidi carried them too far, for luck was with 
the majority. This they do vrith the same enthusiasm as their predecessors who 
thought that the respiratory regulation and also the circulatory was carried out 
exclusiv'ely by the state of the blood supplying the centers.” Schmidt and Com- 
ro© (1941) state: “For many years the physico-chemical aspects of respiratoiy 
control were dmninant, but during the past decade the reflex factor him grown 
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steadily in stature until, in our opinion, the timn has come to reverse the tradi- 
tional attitude”. 

In milking a comparison between the central and the peripheral effect of the 
chemo-reccptora Heymans considered that, at least in the case of anoxemia, the 
effect of excitation of the sinus takes precedence over that of the centers in the 
control of the movements of respiration. Heymans, Bouckaeri and Dautrebande 
(1930) obsci’vcd that as a result of denervation of the vaso-sensory zones, only a 
moderate acceleration of the rate of respiration and a slight increase in the blood 
pressure is produced when the dog breathes nitrogen without oxygen, instead of 
the response of violent hyperpnea and extreme hypertension by the normal 
animal. 

A number of investigators have obtained similar results. Selladurai and 
Wright (1932), Witt, Katz and Kohn (1934), Euler and Liljestrand (1936), 
Euler (1938), and Gesell and Lapid^ (1938) observed that in general respiration 
is depressed after simple denervation of the carotid sinus. Schmidt (1932) and 
GemmiU and Reeves (1933), studying the immediate effects of denervation of the 
sinus, had shown that anoxia does not produce an increase in the pulmonary 
ventilation, but rather a decrease. Schmidt and Comroe (1940-41) and Moyer 
and Beecher (1942) agree m the statement that hypoxia increases the respiration 
of animals whose vaso-sensitive zones have been deafferented. Nevertheless 
these animals have gone through a long period of depression. Watt, Dumke and 
Comroe (1943) assert also that anoxia produces stimulation of the vaso-chemo- 
receptors while it leads primarily to depression of the centers. In exp)eriments 
in which the denervation had been carried out previously, performed when the 
animal had recovered from the oprerataon (“chronic” experiments), GemmiU, 
Geiling and Reeves (1934) observed a slight excitation produced by anoxia, but 
only when it was not excessive. Wri^t (1934) in “acute” experiments on 
anesthetized rabbits and later in chronic experiments confirms the respiratory 
depression caused by anoxia after carotid denervation. Smyth (1936-37) states 
that this depression is considerable and, moreover, anoxia reduced the intensity 
of the response to COa in denervated animals. In the rabbit Stella (1936) does 
not find significant effects of denervation: the respiration may decrease in depth 
but increase in rate. Schmidt, Dumke and Dripps (1939-40) have blocked the 
sinus nerves with procaine and observed scarcely any change from the normal 
respiration. 

Wright (1936) remarks that aftei* denervation of the sinus and bilateral section 
of the vagi, oxygen-lack does not produce hyperpnea. After the sensory nerves 
of the carotid sums and the aorta have beai removed Wright finds that severe 
anoxemia in anesthetized cats instead causing re^iratoiy activation produces a 
reduction in the ventilation. The changes in the respiratory gases in the blood 
are greater in the operated animals than in the normal. He concludes that upto 
a ceitain point the vascular receptors in the carotid body and the cardio-aortic 
area protect the centers from chemical infiuences 'in loco.” 

Schmidt (1932), Beyne, Gautrelet and Halpem (1933); Winder (1933); 
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Mulinos (1934); Henderson and Greenberg (1934); Wright (1934r^6-38) 
Gayet, Bennati and Qui\T (1935); Bre^^er (1937), Gesell and Moyer (1937); 
Smyth (1937); Comroe and Schmidt (1938); Gellhom and Lambert (1939); etc., 
agree that anoxemia is the most effective stimulus for the vascular chemo- 
receptors, particularly of the carotid body. 

Bemthal (1938) by perfusing the isolated carotid sinuses with blood of fixed 
pH and varying the concentration of oxygen, observed that 18 per cent osygen 
causes at the most a moderate vaso-dilatation and hypopnea, while 15 per cent 
oxygen gives riro to vaso-constriction and hyperpnea an effect intenmfied when 
the proportion of oxygen is reduced to 12.8 per cent. A drop to an oxygen ten- 
sion of 10 mm. causes a marked increase in vaso-constriction and respiratory 
rate. 

In spite of these facts, Cromer and Ivy (1931) noted that dogs from which the 
carotid sinuses had been removed aseptically, work in the treadnull without 
greater effort than normal dogs and do not show any respiratory disturbances. 
It should be noted however that in these dogs the cardionaortic receptors remained 
intact. Dechameux (1934) also observed adequate respiratory responses afte 
denervation of the sinus. Dautrebande (1937) stated that dogs with complete 
deafferentation of the sinus and aorta r^pond to low atmospheric pressures in 
the same regular and adequate fashion as do normal dogs. Gesell (1939) cites 
cases of hyperpnea in response to anoxemia after denervation of the sinus. 

It has long been known that the cyanides and sulfides inhibit oxidative pro- 
cesses in the organism. The mechanism of action of (yaoides is well-known. 
Cyanide inhibits cellular oxidations by combining with cytochrome oxidase. 
Sulfides act in the same manner. A. Pi'^ulier and J. H-Sufier (1928-29) afiSrm 
that to the extent that the cyanides impede the processes of oxidation, in par- 
ticular of glucose and fat, they evoke trophic reflexes which produce hyper^- 
cemia and hyperlipemia. 

Haggard and Henderson (1922) have studied the effects on the respiratory 
movements of sodium sulfide injected intravenously. Heymans and Heymans 
(1927) and Heymans, Bouckaert and Dautrebande (1930) showed, and it was 
quickly confirmed by Owen and Gesell (1931), that the injection of sulfide or 
cyanide into the carotid sinus causes very intense respiratory responses. Winder 
and Winder (1933) examined the action of the sulfides and called attention once 
more to the stiung respiratory reflex effect elicited from the chemo-receptors of 
the carotid body. Denervation of the sinus modifies the response: doses which 
were pie\’iously extremely effective evoke, after denervation, a very different 
type of response of sH^t intensity. In aU cases the reactions to stimulation of 
the siaus are more intense than thc^ obtained by direct appfication to the 
centers. Winder, Winder and Gesell (1933) required quantities 26 to 75 times 
as great after denervation of the sinus to produce occasional respiratory effects. 
Winder’s (1937) statement that monoiodo acetic acid acts upon the carotid body 
in a similar way as cyanides and sulfides is not in agreement with the gener^ 
opinion that the first is an inhibitor of sulfhydryl enz3un^ while cyanide inhibits 
eytochrome oxidase. 
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These drugs also act upon the respiratory centers. Winder, Winder and Ge- 
sell (1933) applied cyanide directly to the fourth ventricle but noted that the 
re^iratory movemonts were sunulated only by larger doses than those re- 
quired on the sinus; fm-ther increase in the doses caused difficulty of respiration 
which finally ceased. Injection of sulfides and cyanides into vertebral artery 
requires larger doses in order to alter the respiratory movements than are re- 
quired with injection into the sinus. 

Another factor which should be kept in mind in considering the action of 
cyanide or sulfide is the r61e of the vagus. According to Haggard and Hender- 
son (1922) the respiratory effects in th^ cases are due to the action of the drugs 
on the vagal endings of the lung, in view of the differences in the responses de- 
pending on whether one is dealing with iniact or with vagotomized animals. 

Winder (1937), Bemthal and Weeks (1939) arrived at the conclusion that 
changes in pH in the blood and in the sen^ve cells are a prime factor in normal 
carotid body stimulation, and Von Euler, Liljestrand and Zottennann (1939-41) 
confirm that intracellulEir acidity in the carotid body is increased during ano3da. 

Dripps and Gomroe (1944) divide the drugs that affect the sensibility of the 
carotid body in two groups: those that, like cyanides and sulfides, produce effects 
by inhibiting intracellular respiratory enzymes, and those which, like lobeline, 
are synaptotropic and consequently affect the transmission of afferent impulses. 
Hollinshead and Sawyer (1945) conclude from the above facts that a chemical 
agent mediates in the excitation of the carotid body. They suggest that this 
agent would not be acetylcholine. 

Not only are there differences in intenedty between the reflex effects of anoxemia 
and those of central origin, but there are also differences in the speed of the 
response. This is shown by the frequently cited observatione of Heymans, 
Bouckaert and Dautrebande (1930), of Gemmill, Ge ilin g and Reeves (1934), and 
of Henderson and Greenberg (1934). These authors observed that the respira- 
tion is not increased during the first 4 to 60 seconds of asphyxia due to oxygen- 
lack produced by breathing pure nitro^n after denervation of the carotid sinus; 
but that if the asphyxia is continued the hyperpneic reaction appears in the sec- 
ond minute. Carbon dioxide contained in the blood also stimulates the vascular 
chcmo-recoptors. In this case however no dominance of the chemo-receptors 
over the centers is observed. Heymans, Bouckaert and Dautrebande (1930) 
were able to show that the respiratory response to the breathing of air with COi 
is produced in the pftTne manner after daoLorvation of the carotid sinus as in the 
normal state. Gemmill and Reeves (1933); Stella (1935); Wri^t (1934-36); 
(Resell wnd Moyer (1937) demonstrated also intense respiratory reactions to COt 
after denervation. On the contrary Selladurai and Wr^ht (1932); Schmidt 
(1932); Green and De Groat (1936); Euler and Liljestrand (1936) observed that 
with dmiervation the responses to CO* , like those to anoxemia, are reduced 
although never to such a great extent. 

It is probable that the differences in the results are due to various factors, the 
species of Of'niTnH.I and the anesthesia. Marshall and Rnseofeld (1937) ; Comroe 
and Schmidt (1938) ; Schmidt and Comroe (1940) believe that the reflexes play a 
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more important part in anesthetized animals than in those in the normal state 
preciselv because of the effect of the anesthetic on the centers. And they add 
(1941 ) : “We did not believe that chemo-receptor reflexes are an important factor 
in TTinintnining eupneic respiration or in bringing about the respiratory response 
to carbon dioxide under ordinary conditions.” They believe that resph-atory 
centers are more sensible to carbon dioxide than chemo-ieceptors are. 

Gaj'et, Bennati and Quivy (1935) found intense hyperpnea when the carotid 
sinus was perfused witii equal parts of blood and Locke’s solution and the COj 
taosion was increased in the perfusion fluid, but they consider that the effect of 
COs on the centers is stronger than on the chemo-receptors. Bemthal (1938) 
and Comroe and Schmidt (1938) state that the reflex effects of the concentration 
of COs in the blood are less marked, less constant and less well maintained than 
those produced by anox^eda. Schmidt, Comroe and Dripps (1939) aflSrm that 
the threshold of carotid sensitivity to COs is relatively high and always above the 
threshold of the centers, at least in vagotomized dogs under light anesthesia. 
Schmidt, Dumke and Dripps (1939-40) confirm this finding; Comroe (1939) 
points out the existence of marked individual differences in this respect. 

Heymans, Bouckaert and Regniers (1933), GeseU (1939) and Schmidt, Comroe 
and Dripps (1939) agree that great increases in the concentration of hydrogen 
ions in the blood stimulate the chemo-receptors as strongly as anoxia and more 
than hypercapnia. Boycott and Haldane (1908) attributed the hyperpnea of 
anoxemia to an accumulation of lactic acid in the centers. Winder, Bemthal 
and Weeks (1938) obsen’‘ed an increase in the respiratory movements when the 
vessels supplying the carotid body were ligated, and after removal of the ligature 
the hyperpnea and the hypertension disappeared, 

Bemt ha l (1938) perfused the carotid sinus and concluded that in the normal 
state the carotid chemo-receptors are the origm of tonic vasoconstrictor and 
req)iratory mfllexes of great sensitiWty which are controlled by the tensions of 
oxygen and carbon dioxide in the blood. After this Bemthal and Weeks (1939) 
showed that cooling the blood perfusing the sinus depresses tiie respiratory and 
vascular reflexes while warming the blood increases tiiem; they attribute these 
effects to variations in the acid-base equilibrium of the receptors related to then’ 
metabolism. Stadie, Austin and Robison (1927) have already demonstrated the 
increase in acidity in the tissues as a imilt of wanning. 

Schmidt, Comroe and Dripps (1939), and Schmidt, Dumke and Dripps (1939- 
40) have repeated the experiments of Bemthal iiaiug a saline perfusion fluid 
instead of blood, and carefully determining the concentration of CO* and 0* as 
well as the pH of the solution. They confirm the results of Bemthal Weeks 
but they attribute the effects of the temperature changes to modifications in the 
gas content of the blood. Winder (1942) perfused the carotid sinus with heparin- 
ized blood in Locke’s solution urhich carried CO* and 0* in different concentra- 
tions. The effects of hypoxia and of hypercapnia are similar. The chemo- 
receptors are considered as one of several probable sites for mutual facilitation of 
hypoxia and hypercapnia acting as stimuli of respiration. Marshall and Roaen- 
feld (1937) obtained prolonged excitation of the sino-aortio receptors upon in- 
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jecting pyruvic acid cyanohydrin, probably due to slow, prolonged liberation of 
cyanide. 

The most effective agent for the excitation of the centers and of the chemo- 
receptors , as Gresell has maintained since 1925, would be a change in the concen- 
tration of hydrogen ions in the neuroi:^ themselves when the internal envii’on- 
ment, the blood or interstitial fluid, becomes acid or particularly when changes in 
the metabolism flood the neurones with acid metabolites. Warming, ianTiftTnin. of 
the sinus or local poisoning with cyanides or sulfldes all act in this way. Winder 
(1942) agrees that intracellular concentration of hydrogen ions is a factor in the 
control of chemo-receptor activity. Glesell, Kruegei*, Gkirham a-ticI Bemthal 
(1930) e xamine d some time ago the circumstances which can change the con- 
centration of hydrogen ions in the tissues in relation to the insufficient supply 
of oxygen and the state of their metabolism. They suggest that impaired oxida- 
tion leads to increased acidity and that the reverse may also be true. 

Bemthal (1938) has shovm that anmda, cyanide, hypercapnia and lactic acid 
cause reflex peripheral vasoconstriction throu^ their local action on the carotid 
body, and the vascular reactions are accompanied by respiratory reactions. 
There is an exact correspondence between the activity of the chemo-receptors 
and their acidity. Nevertheless the respiratory effects of changes of the hydro- 
gen ion concentration in the carotid body should not make us overlook the 
sensibility of the respiratory centers to ^ese changes. Moyer and Beecher 
(1942) assert that decreased oxidations within the center constitute an im- 
portant factor of respiratory adjustments due to changes in the central pH. 
This was confirmed by Comroe (19^). He applied upon the respiratory med- 
ullary center minute amounts of COrbicarbonate mixtures and observed 
marked respiratory responses according to the pH of the mixtures. Garcia Baniis, 
Gorman, Perlo and Popkin (1944) found that in anesthetized dogs deprived of 
their chemo-receptor reflexes by the denervation of the cai’otid smus and section 
of both vagi nerves, the respiratory compensation by the centers may be efficient 
enough to momtoin the pH of arterial blood constant at least within 0.01 even 
if changes of O 2 and CO* tension occur in the inspired air. 

GescU (1939) shows that changes in pH in the nerve cells actin the same sense 
and in the some way in the respiratory centers and in the chemo-receptors: both 
are sensitivo to carbon dioxide and to oxygen lack and hence to externally 
caused variations in the hydrogen ion concentration, but they are specially 
sensitive to variations in hydrogen ion concentmtion of internal oiigm brought 
about by the cellular metabolism. As a result of this central and peripheral sensi- 
tivity to hydrogen ion concentration, an adjustment is established between the 
nutritive requirements, the respiration and the circulation. 

A characteristic example of these mechanisms of co-ordination is what Hess 
(1917) has called the “nutritive reflex” which has local and general vascular 
effects, as Fleisch (1938) and Hein (1938) among others have proved. It is 
known that any increase in metabolic activity raises the cardiac output. The 
most effective of the stimuli which give rise to these reflexes of nutritive oris^ is 
the acidity of active tissues. 
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Besidfis, as Gibbs, Gibbs, Lenox and Nims (1943) wrote, COa improves the oxy- 
genation of the tissues when the Os tension in air is low, which enhances the im- 
portance of hydrogen ion concentration in cells and in fluids, assuring fine 
respiratory adjustments from centers to tissues. 

Nielsen (1936) suggests in opposition to the idea that the ordinary stimulus of 
the chemo-receptor centers is the increased local acidity, that carbon dioxide 
acts by virtue of specific properties and not because it is an acid. COi is said to 
be the normal stimulus for the respiration: a chemical stimulus produced without 
interruption in the organism, the principal functional mediator in maintaining 
the physiological tone of the most diverse functions, especially the circulation 
and the respiration. 

IV. As a result of the simultaneous action on the centers and on the chemo- 
receptors and as a result of the difference in excitability of centers and receptors 
depending upon the chenucal stimuli acting upon them, various explanations 
have been developed for the adaptatimi of the respiration to the changing physio- 
logical needs. It is a difficult problem and in certain respects, as it often happens, 
an imaginary one. The opinions of authors differ in attributing preponderance 
to the peripheral factors or to the central ones in each case and greater or less 
physiologic^ significance to the one or the other. 

Haldane and Priestley (1935) point out the exquisite sensitivity of the lespira- 
toiy centers to COa , which has long been known. Jongbloed (1936) schematises 
the re^iratory control stating that carbon dioxide excites the centers directly, 
while low tensions of oxygen cause tonic excitation of the chemo-ieceptors, par- 
ticularly those of the sinus, from which impulses arriving at the centers sensitise 
them by lowering their functional threshold. Nielsen (1936), Henderson (1938) 
consider similarly that variations in oxygen to the point of anoxemia control the 
central activity which is set in motion by the presence of COa m the blood. The 
tension of oxygen present affects the local action of COa in the respiratory 
centers. 

According to Bemthal (1938) the sentitivity of the carotid body to COa in 
more variable than its sensitivity to oxygea, and dem^ases in the presence of an 
excess of oxygen. The normal tension of COa in the blood exerte a tonic action 
on the function of the respiratory and circulatory centers by way of the chemo- 
receptors. Schmidt (1932) stated that the participation of the reflexes from the 
sinus in maintaining the respiratory movements is to be inferred from the 
marked reduction or abolition of the r^iratory response to anoxemia after de- 
nervation of the sinus. But the respiratory reflexes of the siaus are essential 
only in the case of hyperpnea due to anoxia; apart from this defensive reaction, 
they do nothing which could not be done without th^ through changes in the 
blo^ flowing throu^ the centers. Sensitivity of the cells of the center to the 
tenfflon of COi or to the concentiation of hydrogen ions in the arterial blood is 
greater than the sensitivity of the carotid body. The nervous centers tn-ke 
precedence as the m(^ highly specialized part of the mpfilmniminq which control 
the adjustment of the respiration. 
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Schmidt insistB once again (1941) : “The part phiyed by chemo-receptor re- 
flexes in adjusting pulmonary ventilation to the requirements of the body must 
be negligible under normal conditions. This is indicated by the undoubt^ facts 
that the hypeipnea of exercise is not associated with any change in the blood 
that could stimulate these structures; and that the hyperpnea of carbon dioxide 
inhalation has not been found to be modified in any measurable way by removing 
the chemo-receptor influence. . . . The place of these reflexes in the body’s 
economy lies, not in their sensitivity to factors which . . . normally regulate 
breathing, but in their ability to withstand and to respond under adverse cir- 
cumstances which seriously interfere with the functional capacity of the central 
neurons. By virtue of this ru^edness, the chemo-receptors are enabled to set up 
a powerful reflex drive and thus to Tyiflintain the activity of the neurons when the 
latter have lost their ability to respond to their normal stimuli. 

Comroe and Schmidt (1938) consider also that the regulation is broight about 
by the tensions of COi and oxygen in the blood bathing the centers and particu- 
larly by the concentration of hydrogen ions resulting from the equilibrium be- 
tween the two gases. The chemo-receptors, which are more sensitiYe to oxygen- 
lack than to excess of COi , operate only when the deviations in one or the other 
or both of the two respiratory gases in the internal environment are very great 
and without sufficient effects on the centers. 

Schmidt, Dumke and Dripps (1939) have made comparative studies of the 
sensitivity of the centers and of the carotid body to changes in the tension of 
COa in the blood. The respiratory movements are not altered significantly nor 
does the tension of COa in the arterial blood change after denervatiou of the 
carotid bodies so long as the animal is bmathing sufficient oxygen. The carotid 
reflexes play on important part only in extraordinary circumstances and not con- 
cerned with the fine control of the respiration. 

Cesell and Moyer (1937) mode on experimental study of the central and periph- 
eral factors which determine the frequency and depth of the respiratory move- 
ments. Lack of oxygen in the inspired air, and therefore in the alveolar air, 
causes a very obvious increase in the ventilation. This increase is not prevented 
by section of both vagi nor by section of the pulmonary fibres of the vagus and 
denervation of the carotid sinus, leaving the cordio-aortic region sensitive and 
active. Denervation of the sinus facilitates rather than prevents the accelera- 
tion, but it reduces the tidal volume. On the other hand denervation of the 
carotid and of the cordio-aortic region leaving the pulmonary vagus intaot favors 
the acceleration produced by oxygen-lack. Complete denervation of the dhemo- 
receptors of the smus,the cardio-aortio area and the vagal pulmonary area elimi- 
nates the hyperpnea due to anoxia. It is evident that the lack of oxygen aflects 
the chemo-receptors more than the centers. Hypercapnia acts m a different 
way: it causes a type of hyperpnea which is characterized principally by increase 
in the depth of respiration. The denervation of the vascular diemo-reoeptors, 
with or without vagal block, does not cause visible changes in this hyperpnea; 
this indicates that excess COa exerts a stronger dominant stimulation upon the 
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centers than upon the peripheral receptons. From this equilibrium between the 
function of the centers and that of the receptors there results the adaptation to 
the various circumstances which can influence the respiration. 

Schmidt and Comroe (1940) are still concerned with the functions of the ca- 
rotid and aortic sensory zones. They reach the conclusion that in the case of 
anoxemia and of poisoning by cyanide or lobeline, the increase in ventilation is 
due to reflexes of vascular origin, from the sinus or the aorta. On the other hand, 
when an increase in COs or in the conceitration of hydrogen ions in the blood 
occurs, the central effect predominates. The reflex factor does not become active 
until almost the maxiTnal response of the centers has occuired. They suppose 
that the different circluatoiy chemo-receptors show a distinct sensitivity to 
stimuli brought by the blood. Some of them might be active constantly in 
physiological conditions because of their greater sensitivity; the majority however 
function successively in increasing numbers only when the level of the stimuli is 
raised. A definite quantum of increase in stimulating activity is necessary to 
evoke a measurable reflex response corresponding to a definite threshold. The 
problem of whether the most diverse stimulating agents affect all the receptors or 
whether there is a specific sensitivity for each group of them has not yet been 
solved. The scheme proposed by Comroe and Schmidt is kept unchanged: the 
CQj , the degree of acidity of the blood and perhaps of the nervous tissue, is the 
central stimulus and is almost without effect on the vascular chemo-receptors. 
Oxygen-lack on the other hand is the stimulus for the chemo-receptora which 
begin to function only in emergency. The same authors believe that the status 
of the hydrogen ion as a stimulus to centers and chemo-receptors is at present 
stiU uncertain. It seems quite possible that the respiratory effects of changes in 
pH (in so far as they are not referable to corresponding changes in CO 2 tension) 
are due to chemo-receptor reflexes and not to a direct effect of hydrogen ions on 
the centers. 

Dumke, Schmidt and Ghiodi (1941) try once more to elucidate the ports 
played by the peripheral chemo-raceptors of the carotid sinus in the respiratory 
responses to anoxe mia and to hypercapnia. With the animn.! breathing room 
air, quietly and without exerting any force, the ventilation rate is not decinosed 
by denervation of the sinus, which demonstrates that in such conditions of repose 
the reflexes from the sinus play no appreciable part. Twelve per cent oxygon 
causes slight respiratory acceleration, which is increased when the proportion of 
oxygen in the gas mixture is reduced to 10 per cent. Denervation of the sinus 
makes the response to the drop in the inspired oxygen much less obvious. If 3.5 
per cent carbon dioxide is added to the mixture containing 10 per cent oxygen, the 
respiration is increased; this increase is slightly less when the Binup is deafferented. 
From aU this the authors conclude that hyperpnea produced by ftTinryia. ia reflex 
in nature, depending upon the stimulation of the vascular receptors, while the 
presence of an excess of COa acts rathm* upon the respiratory centers. Cesell 
and Lapides (1938) perfonned an inter^ting experiment: they detmmined the 
duration of the apnea produced by over-ventilation of the alveoli in intact dogs 
and ccmpaxatively after blocking the nerve fibres of the sinus with cocaine. 
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With the nerves blocked the apnea lasts considerably longer. This means that 
with the afferent nerve of the sinus no Icmger conducting impulses and therefore 
with the chemo-receptors no longer functioning, a lower concentration of oxygen 
is required to excite the centers. 

The obseivations of Witt, Katz and Kohn (1934) lead us to suppose that the 
participation of the chemo-i*eceptors in maintaining the respiration is not 
dispensable. Deafforentation of the respiratory centers by section of the vagi 
and denervation of the cai'otid sinus results in depression of the respiration and in 
some cases in cessation and subsequent death. The impulses which normally 
reach the centera by the afferent nerves stimulate and condition the activity of 
the centers, and the respiratory mechanism depends to a great extent on the in- 
togiity of the peripheral receptora and its conductory nerves. Finally the au- 
thors consider that, in addition to the receptors of the sinus and to those which 
send their fibres through the vagus (pulmonary and cardio-aortic receptors) 
still others may play a part in the physiology of the respiration. 

The centers and the chemo-receptora act in co-ordination in response to and 
according to the state of the gas content of the blood. Gesell (1939) asks whether 
there could be transitory and vaiiable differences in the respective sensrtivrties 
and whether for that reason there noight be produced physiological variations in 
control according to the circmnstances prevailing in the respiration, which are 
always vaiiable. Thus the threshold of a given chemical sensitivity would not 
be constant in a given place either central or peripheral. 

If during intense hyperpnea by hypercapnia, the nerves of the carotid sinus 
are blocked with the vagi blocked as well, no decrease in the respiratory move- 
ments is obseived at the time when the chemo-receptors should be stimulated 
most strongly. This could be explained in two ways: 1. The respiratory centers 
respond more vigorously than the receptors to high tensions of COa, while the 
reverse is true at lower tensions. 2. Hypercapnia is unable to maintain the le- 
flexes in this case because the carbon diodde in the centers blocks the impulses 
arriving from the chemo-receptors (GeseU and Moyer, 1935). Thus during in- 
tense hypercapnia, central stimulation of the vagus produces no effect on the 
respiration. It seems nevertheless Ibat asphyxia ordinarily increases the 
effectiveness of afferent respiratory impulses and that the effects of chemical 
stimulation predominate in the resphatory centers (Gesell, Moyer and Kittrick, 
1942). 

There remain functional relations of great complexity between the peripheral 
receptors and the centers and variations would be possible in the relative partici- 
pation of the mechanisms which control the functions of the centers and of the 
various chemo-receptors. Any rigid schema which is proposed in an attemptto 
explain these complicated phenomena can scarcely conform to all the facts. 

V. There still remain other impoitant factors which must be considered in 
studying the action of carbon dioxide on the centers and on the receptors in 
controlling the respiration. Not only is hyi)ercapnia important, but also afactor 
of great mfiuence is the lack of COa suffident to alter its necessaiy quantitative 
relationship with oxygen in the air and in the blood. 
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Mosso (1885) called attention to the effects of hypocapnia when rarefied air is 
breathed at high altitudes. Siuce then many have been carried out, some of 
which have had immediate practical importance. We refer particularly to the 
work of Yandell Henderson and his collaborators since 1908. 

Hasselbalch (1912), Hasselbalch and Lindhard (1915) and Henderson and 

H2CO8 

Haggard (1918) demonstrated that the ratio altered byhyperpnea 

(L. J. Henderson, 1919). The concentration of HsCOi in the blood is reduced by 
the increased expiration of C 02 and the alkalosis must be compensated by a 
reduction in base, principally in fixed alkali, i.e. , sodium, which is followed by an 
increased elimination of ammonia, sodium, etc., in the urine. On the other 
hand a higher concentration of carbon dioxide causes an increase of alkali in the 
blood. This has been confirmed repeatedly (Haldane, Kellas and Eennaway, 
1919; Davies, Haldane and Eennaway, 1920; Gesell, 1922-23; GoUwitzer-Meyer, 
1924; etc). Henderson (1926) and Gesell (1926) have sununarized in two ex- 
ceUent reviews what was then known of the chemical regulation of the respira- 
tion, referring of course at that tune only to the action of chemical stimuli on the 
centers. 

When tile respiratoiy elimination of CO 2 becomes excessive, as in the hypeip- 
nea of anoxia for example, a paradorical situation arises with increased pul- 
monary ventilation and simultaneous hypocapnia of the centers, m which the 
COi is washed out. The more intense the hyperpnea of anoxia with subsequent 
hypocapnia particularly during anesth^la, the less will be the central control 
and the greater the peripheral control throu^ the chemo-receptors. E^ocapnia 
reduces the excitability of the centers (Gesdl and Lapides, 1938) and if it remains 
excessive the ceiters do not prov;ide ad^piate ventilation. Anoxia results finally 
in respiratory depression, which is to be explained by the paralyzing effect, 
espedally on the nervous functions, when the oxygen lacks (Verwom,1903). 
The nerve cdHs are particularly sensitive, more so than funy other cells, to anoxia 
and to asphyxia. 

The chemo-receptors are in general strongly excited by degrees of anoxemia 
which depr^ or paralyze the physiologioal activity of the central neurones. But 
so loi^ as the anoxia of the centers is not exoe^ve the lack of oxygen increases 
their exoitebility to COs , the normal chemical stimulus. In this way the tension 
of oxygen in the blood would intervene in the control of the ventUation by its 
action on tiie respiratory centers. As the anoxia becomes more severe, asphyxia 
of the neurones hinders the process of regulation, impeding or even paralyzing 
the central responses; but at that time the chemo-receptors are stiU able to re- 
spond to tile lack of oxygen in the blood and the respiration is maintained by the 
impulses which they set up as a comxiensatory reaction. This persistence of the 
exiutabiliiy of the receptom leads one to suppose that the metabolic level of the 
sensory cells which compose them is lower than tiiat of the central neurones. 

Gesdl (1939) holds to his old point of view: the regulation of the re^iration is 
carried out by the add-base equilibrium, by the pH in the nerve cdl, and not by 
that in its environment, the interstitial flui d , stiU lass by that in the blood. It 
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is the add-base equilibrium of the centers primarily and also of the chemo- 
receptors. Only by taking into account the state of the acid-base equilibrium, 
not in the internal environment but in the intracellular fluid itself, is it possible 
to explain a number of facts which otherwise present insoluble problems. 

Acidosis of the blood, for example, is not in all cases an obvious cause of hyperp- 
nea. Henderson (1938) has shown that in carbon monoxide xK)isoning when there 
is an increase in the ventilation alkal(^ is produced by hypocapnia which up to 
a certain point protects the centers from the harmful effects of anoxia. 

We have seen the significance of the accumulation of acids in the cells of the 
centers and of the chemo-reoeptors; adds which arise in the intermediate metabo- 
lism of the cells and are also dependent upon the adds of the surrounding fluid, 
the internal environment. Gesell (1926) has explained how the respiratory cen- 
ters function to maintain their optimd add-base equilibrium. McGinty and 
GeseU (1926) have shown that the concentration of lactic add in the brain and 
also in the blood increase when carbon monoxide is administered. The same 
thing happens in cyanide poisoning and in hemorrhage. Local accumulations of 
lactic acid and of other acid8(pyruvic, citric, etc.) are possible in the nerve cen- 
ters and other organs, in some cases perhaps without any increase in the adds of 
the blood. 

We can explain now the danger of administering oxygen alone in attempting to 
combat anoxemia. The oxygen releases quantities of add, particularly lactic 
add, which disappears by oxidation and by resynthesiB, and free base remains 
which binds COa, decreasing the normal stimulus for respiration. For this reason 
in respiration at hi^ altitudes the addition of GOa to the rolled oxygen helps 
to increase the oxygen in the blood, to restore normal respiration and to produce 
the subjective improvement which is felt with each breath, as has been diown by 
Schndder, Truesdell and Clark (1926), and by many others, most recently by 
Dill (1938). 

The final oondusion from all that has gone before is that for various reasons — 
lack of oxygen, excess of COa , hemorrhage, the action of certain poisons, and 
increased temperature in the centers or chemo-receptors — ^the general acid-base 
balance of certain organs can be changed and it is precisely the state of this 
balancs which controls the respiration. One must not judge this equilibrium 
only from the pH of the blood; the local intracellular pH of neurones in the 
centers and of' the sensory cells or neighboring cdls in the peripheral chemo- 
receptors is of greater importance. Yarious factors act upon these equilibria 
and only by considering exactly the complex influence of such factors con one 
explain certain facts which otherwise would seem paradoxical if not contradictory. 

Schmidt and Oomroe (1940) report that many different substances evoke 
reflexes throu^ their action on the chemo-receptors, particularly those of the 
carotid sinus. The active substances are of various sorts. We can explain 
the mechanism of action of some, according to what has already been said, by 
their inflluenoe on the nutrition of receptors throu^ the cdlular metabolism; 
this explanation cannot be applied to others to which we mi^t attribute a 



24 


AUGUST Pl-SUffUR 


specific action, like that of so many drugs which act on various portions of the 
autonomic system. 

It should be pointed out that the receptors are not only affected by variations 
in the hydrogen ion concentiation, but that they may be excited by a variety of 
agentsforemoat among which are normal or accessory products of the intermediate 
or finn.] metabolism of the tissues. It is possible that there is actually something 
more in these mechanisms than the regulation of oxidations and the production of 
acids. It may be that the pieoess^ of chemical excitation have greater signifi- 
cance and even though it has not been possible to confirm the mediation of endo- 
crine products of the glomerular tissue in accordance with the hypothesis of 
Moniz de Bettencom*t, Rodrigues Cardoso and Paes de VasconceUos (1938), it 
would not be illogical to suppose that the capacity to stimulate the chemo- 
receptors and the centers extends to various substances of endogenous origin, 
metabolites or specific substances, “active substances” in the sense used by 
Demoor. In this way mechanisms of functional correlation and of regulation 
would be established, as a result of which the respiratory response could be 
perfectly adapted from moment to moment to the funotional metabolic needs, 
which change rapidly according to the circumstances. Among those chemical 
stimuli which are able to evoke such mechanisms the most important is the con- 
centration of hydrogen ions in the appropriate tissues. 

As long ago as 1876 Latschenberger and Deahna had formulated the hy- 
pothesis of the reflex influence of the peripheral circulation on the regulation of 
the respiration. Recently various investigators have sought by different meth- 
ods to locate the vaso-sensory zones. Spalto and Consi^o (1886) , Hager (1887) , 
Pagano (1900), Siciliano (1900), Brodie and Russell (1900), Mayer, Mogne and 
Plantefol (1920), Frey and Hagemann (1921), Haggard and Henderson (1922), 
Hess (1923), Toumade and Mahn6jac (1931), Toumade (1932), Toumade and 
Rochisoni (1934), etc., demonstrated the sensitivity of the vessels and the effects 
of the chemical excitations which occur in them. The stimulation of these 
vascular receptors has effects which are predominantly circulatory, but which are 
inseparably linked to lespiratory effects. Among these reflexes particular 
interest attaches to the respiratory reflex^ which are produced by variations in 
the pulmonary circulalion as a result of the stimulation of receptors in tho vessels, 
as observed by Harrison, Harrison, Calhoun and Marsh (1932), Schwiogk (1936) 
and Christie (1938). Waele and Van de Velde (1940) describe respiratory 
reflexes through cardiac receptors. 

In the same way receptors are found in various organa the excitation of which 
results in respiratoiy reflexes. Lewy (1891), Varaldi (1893), DuBois-Reymond 
and Katzensttin (1901-02), Baglioni (1903), Heisoh (1921), Scott, Gkiult and 
Eennedy (1922) have repeatedly confirmed the existence of such reflexes evoked 
by the excitation of sensory endings of the muscles. The most oby^ous effect is 
obtained from the diaphragm and from other respiratory muscles (Fltiseh, 1928- 
30; Hess, 1^1; Sharpey-Schafer, 1932; G^sell, 1936). Kro^ and Lindhard 
(1917) produced respiratory reflexes upon faradio stimulation of various groups 
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of musclas. These effects may be siini]ar to those which are observed when any 
sensoiy nerve capable of causing pain is stimulated. 

The metabolic state of the tissue and particularly of the muscular system may 
therefore produce reflexes. It is well known that the respiratory activity in- 
creases automatically when the work is increased; this is due to central processes 
but still more to nutritive reflexes, reflexes which one may suppose are organized 
to constitute systems, — sometimes veiy extensive systems, — of respiratory re- 
flexes. Because the increase in respiration begins at the same time if not before 
the commencement of work, Kro^ and Lindhard (1920) thou^t that this was a 
matter of central effects, of efferent irradiation in connection with the muscular 
excitation from the centers (Pateraon, 1928). Allen (1942) describes respiratory 
effects as responses to conditioned reflexes. All this presupposes the existence of 
reflexogenic receptora in the organs. Hairison, Harrison, Calhoun and Marsh 
(1932) and Harrison (1939) state as a result of then* experiments on dogs and their 
observations of healthy and diseased human beings that reflexes evoked by move- 
ments of the legs help to produce the h 3 ri)erpnea of exercise. Alam and Smirk 
(1937) showed the existence of a chemo-sensitive ss^stem in the muscles which 
is capable of evoking vasomotor reflexes as a result of the accumulation of 
metabolites produced in exercise. Comroe and Schmidt (1943) confirm the 
possibility of other similar respiratory reflexes resulting in hyperpnea and 
evoked by movements of the legs. These reflexes are thou^t to be elicited by 
excitation of the muscular chemo-receptors which are sensitive to inor^nic 
metabolites, especially carbon dioxide. These mechanisms were suggested long 
ago by Volkmann (1841) and by Vierordt (1844). 

Schmidt and Comroe (1941) and Comroe (1944) assert that in the hyperpnea 
of exercise the respiratory adjustment depends on receptions in the muscles, 
lungs (Christie, 1938; Harrison and others, 1939) and perhaps in the heart 
(Waelo and Van de Velde, 1940), besides many other well-known important 
factors. 

The stimulation of chemo-receptors in the active tissue has been conclusively 
demonstrated as has their effect on the circulation and the respiration. We 
have i-efcrred above to the nutritive reflexes. Throu^ their mediation the car- 
diac output arises os the metabolic exchange in the tissues is increased. 

The regulation of the vegetative functions becomes progressively compre- 
hensive until resulting in generalized responses. Thus, reversing the relation- 
ship stated above, respiratory stimuli affect the circulation in an entirely appro- 
priate fashion. The addition of COi to the inspired air increase the blood flow 
in the brain and decreases it in the muscular system as has been demonstrated 
repeatedly by Schmidt (1928) in the cat, Lennox and Gibbs (1932) in man, 
Irving and Welch (1935) in the rabbit, and Irving (1939) in the beaver and the 
muskrat. Bemthal (1934) observed that when the carotid smus was perfused 
with blood containing oxygen at a tension 10 mm. Hg below the normal there is a 
reduction in the blood flow through the axillary artery. An inorease in the COs 
tension of the blood increases the flow. Section of the vs^ makes these effects 
more obvious. 



26 


AUGUST PI-SU5JeR 


From all this it is to be concluded that the respiration like the circulation is 
controlled from the organs themselves by the presence of chemical stimulating 
substances. We have shown (1941) that a reflex increase in the respiratory 
movements is produced by asphyxia of the trunk when it has been isolated from 
the head and separated th^efore from the carotid sinus and when the heart has 
been denervated, inactivating the cardio-aortic chemo-receptors. This effect 
can only be the result of the stimulation through CO9 of receptors located in the 
lungs or in the tissues or in both regions. 

VII. Afferent impulses of the most diverse origin produced by the excitation of 
receptors of all sorts reach the respiratory centers. B^des stimulation of me- 
chanic and chemo-receptors, the stimulation of other more or less speciflc re- 
ceptors is important. In the first place we may note the stimulation of many 
sensory nerves which evoke respiratory reflexes. Painful sensations can retard 
or accelerate the respiratoTy movements depending upon the circumstances 
(Henderson, 1910, Meyer, 1914) . Proprioceptive sensations coming from muscles 
and proprioceptive sensations of position from muscles, j oints and labyrinths affect 
the respiratory movements. Stimulation of the special senses of si^t, hearing 
and smell and of the sensory endings for cold and beat result in changes in the 
respiration. This is true also of impulses from the autonomic regions. Centri- 
X)eftal impulses which affect the respiration may come from the whole organism 
by all pathways. 

One must not forget on the other hand the automatioity of the respiratory 
centers which can maintain up to a certain point alternate inspiration and ex- 
piration in the absence of any external influence. This was suggested by Le- 
^dlois (1812), and recognized later by a large number of investigators (Lan- 
gendorf, 1888; Schrader, 1887; Lewy, 1891; Lewandovski, 1896; Foa, 1909-11; 
Winterstein, 1911; Scott and il^berts, 1923; Roberts, 1926; Adrian and Buyten- 
dijk, 1931; Finley, 1931; Barcroft, 1934, and many otiiers). 

The anatomical localization of the respiratory centers and their functioning 
have been studied intensively. Flourais supposed that they are located near 
the tip of the “calamus scriptorius,” and Gierke that they ore made up of cells 
connected to the fasciculus solitarius. Mislavski (1885), Aduco (1890) and re- 
cently Henderson and Sweet (1929), Finley (1931), inderson and Craigie 
(1936), Nicholson (1930), Nicholson and Brezin (1937), Nicholson and Sobin 
(1938) search the localization of the respiratory centers in the medulla. Wor- 
thy of speoi£d comment is the paper by Gesell, Bricker and Magge (1936) who 
studied tiie electric changes in the function of the medullar respiratory centers. 
Ihese authors, like Brookhart (1940), state that the neurones which ma k e up the 
bulbar centers are found more or lass scattered throu^ the reticular formation. 
Pitts, Magoun and Hanson (1939) and Pitts (1940-42) attempt to give a precise 
anatomical and phytiolog^al descaiption of these myelencephalic centers. They 
distinguish in the cat an "inspiratory area” siinated in the ventral reticular 
formation below the inferior olive, and another dorsal, “expiratory area”, some- 
what hig^, extending beyond and bending over the cephalic portion of the 
mspicatoiy area. Elxcitation of one or the other ^ves rise respectively to con- 
traction of the muscles df inspiration or of expiration. 
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There axe different physiolo^cal categories of centers, the higher centos 
integrating the function of the loAm*. This is known since the researches of 
Markwald (1887-90), Loewy (1888), Langendorf (1888), Luscher (1899), 
Lewandovsky (1896), etc. Thus Lumsden (1923) and later Stella (1938-39), 
among others, thought that there is a regulator center in the pons — “pneumo- 
taxic” — ^which has predominant inhibitory properties and so it is able to control 
the function of the other subaltern centers. Rijlant (1932), who studied the 
efferent respiratory electric discharges, ^tablished a functional hierarchy among 
the respiratory centers, possessing different specific properties and located in the 
medulla and the pons. These centers are not compact nor do they form a strict 
entity but rather a system of adjacent groups of neurones among which those 
which have thus far been locaJiased experimentally are of particular functional 
importance. 

In the centers the impulses of various oiigns are integrated and organized. 
Motor patterns are formed throu^ the synthesis of the most numerous and vari- 
ous elements and these patterns or fimctional systems give rise to efferent im- 
pulses to the muscles and also to other higher centers both subcortic^ and 
cortical, which work in unison and in perfect adjustmmit with the bulbo-pontile 
centers. 

For a long time it has been supposed that the inspiratory-expiratory alternation 
was a sequence of reflexes started at the vagal ends of the lungs and related to 
mechanical stimulus: the state of pulmonary iofliation or deflation. The dis- 
covery of the Hering-Breuer effect (1868) led to a conception universally ac- 
cepted. The explanation appears by now incomplete. Expiration, like iospira- 
tion, can be active. And side by side with the mechanical stimulation of 
peripheral receptors should be considered the function of chemo-receptors in 
different tenitories, and the intrinsio properties of the respiratory centers at 
various levels of the neuro-axis, especially the medullo-pontile centers. 

Bronk and Feigusson (1936) employ the inscription of the electric “fusillades” 
by the motor nerves to study tins question. They conclude that both inspiration 
and expiration are active and that the rh 3 rthmic impulses of excitations arise 
automatically in the centers, even in the absence of afferent impulses arriv- 
mg to them. GeseU (1940), Gesell, Magee and Bricker (1940) and Gesell, 
Atkinson and Bro%vn (1940) describe the patterns of the electric vaxiations in the 
respiratory motor nerves; inspiratory impulses prwent thmre different patteros 
from the expiratory ones. These expenments show also that the centers are 
active in inspiration and expiration and that centrifugal currents may leave such 
centers independently of any afferent impulses. In the respiratory mechanisms 
there are centrogenio excitations beside reflexogenic influences. The centers 
maintain a tone and send out rhythmical impulses over the centrifu^ pathways ; 
but they are subject to numerous afferent sensory influences of varied origin and 
nature, and subject also to their own (diemical state and that of the blood passing 
through them. 

Gresell and Hamilton (1941) have made a fuitiier study of the reflex mechanisni 
by stimulating three types of nerves: the vagus which they consider proxnioc^ 
tive, the eaxotid sinus nerve, ohemoceptive, and the saphenous, nociceptive; they 
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confiim the opinion that the two forces which control the respiration are the 
activity of the central neurones and the influence exerted on the function of these 
neurones by afferent impulses arising in receptors of various sorts. The sum 
total of the influences both central and peripheral which at times interfere and at 
other times re-enforce each other constitutes the power which drives the central 
ner^'ous system. An overall summation of these different influences is brought 
about, an organization which the authors attempt to schematize and by means of 
which the nervous control of r^phation is explained. Gesell and Atkinson 
(1943) deal with the “motor integration” of the respiration stiU using the analysis 
of the respiratory discharges in the diaphragm, in various species of animals. 
In the centers elementary phenomena are integrated which may possibly be 
identical or similar along the zoological scale and which become complicated in 
various ways according to the level of function. 

Pitts, Magoun and Hanson (1939) study the functional interrelation of the 
different respiratory centers in the cat employing the Horsley-Clarke technique. 
There are in the medulla inspiratory and expiratory bilateral groups of neurones, 
and fibres of the vagus ai*e connected with them. Pitts (1942) reaches the con- 
clusion that four subsidiary systems are present in the medulla: a, an excito- 
motor center which sends out periodic discharges; b, a vagal inhibitory system; 
c, a cerebral inhibitory system, cortico-hypothalamic; d, other excitatory and 
iohibitoiy systems. The inhibitory s 3 ^tems, both vagal and cerebral, check the 
activity of the neurones of the motor system and in this way rhythmical respira- 
tion is produced; it is also possible that they vary the rate and depth according 
to need. 

Comoro (1944) writes recently: “Probably the most important discovery of 
the last century has been the realization that respiration is controlled not by stim- 
ulaldon of the medulla alone, neither by reflexes alone, but by proper interaction 
of both factors. No reflex, no matter how strong, can stimulato respiration if 
the arterial CO# tension has been lowered abnormally (Rrogh and lindhard, 
1913; Stella, 1939); no chemical stimulant, no matter how great, can produce 
rhythmic breathing if the medullary centers have been completely cut off from 
all nervous influence including that residing in pneumotaxic center (Stella, 1 938) . 
Re^iiatory alterations in general cannot be explaiaed by a single theory but only 
by a consideration of a number of known and probably many unidentified factors. 
This has been our thesis, a long time ago, since our initial researches. 

We cannot finish without stressing the participation of certain cortical regions 
in maintaining and adapting the respiratory movements to physiological require- 
ments. Consider for example the adaptation of the respiration to the require- 
ments of spoken language. It is not surprising that speaking as well as silent 
reading (Bellido, 1922), rhythm (Japelli , 1906; Coleman, 1920), various psychic 
effects (Allen, 1929-42), emotion and finally consciousness and the will all in- 
fluence the rrepiratoiy movements. Pulton (1943) asserts that the regulation of 
the r^piratory movements is a problem of general physiology in the widest 
sense. A broad concept of the function will keep us from attributiag excessive 
importance to a few isolated facts and from concluding that extremely simple 
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and limited mechanisms, such as reflexes divorced from the function of the whole, 
can determine by themselves the flexible respiratory dynamics. Everything 
which leads to the recognition of new facts is important. But let us not advance 
an explanation of the whole, which depends upon innumerable factors, in terms 
of one elementary function — one receptor, one center and one effector. Investi- 
gations which have been carried out without a logical conception of the totality 
of the neural organization and of the adaptation of the responses have contributed 
to the obscmity of the conclusions and to a general disorientation. The physiolo- 
gist must be a careful experimenter, but he must have above all a clear idea of 
what he is seeking; he must attribute to his observations their exact significance 
and he must know how to incorporate his results into the general theory. 

jTherefore when we contemplate in the proper perspective the history of the 
fundamental discoveries in the physiology of respiration we are surprised at the 
extreme pains taken by some authors to deny the existence and function of 
chemo-receptors in the respiratory apparatus. Our purpose in studying this 
problem was motivated by a leading idea expressed in the thesis of Tutt6 (1914), 
which stated the functions of a “trophic sense” of chemical nature possessed by 
many different tissues. After the demonstration of the trophic reflexes of 
hyperglycemia (Pi-Sufier, 1917) and hyperlipemia (Geelmuyden, 1923; Wer- 
theimer, 1926), it seemed to us that it would be an interesting problem to de- 
termine whether a reflex mechanism r^ponsive to peripheral chemical stimuli 
also acts to control the respiratory movements, which are so easily observed and 
which offer so much for investigation. The results were positive and the re- 
searches of numerous investigators have giyen a decisively favorable response. 
From the nose (Allen, 1929; Kerekes, 1936; Deseo and Fodor, 1936) and the lar- 
ynx and trachea (Lumsden, 1924; Graham, 1939-40) to the tissues themselves,” 
a series of chemo-receptors takes part in the control of the respiratory move- 
ments: in the respiratory apparatus at various levels, in the circulp.tory systems 
and in other parts of the organism. 

The vascular chemo-receptors act effectively in the regulation of the respiratory 
movements but it cannot be doubted that the location of the chemo-receptors in 
the respiratory apparatus, at vaaious levels, from the nose to the finest bronchioles 
and the lungs, is a more strategic one. It is logical to suppose that in mammals, 
animalB which breathe air, receptors in the r^piratory apparatus itself have 
greater fimctional significance than have vestiges of sensory structures in the 
vessels, which are useful primarily for respiration in the water (Schmidt, 1938). 

Gesell wrote recently: “If evar there was a conviction firmly intrenched in 
physiology, it was the monopoly of tiie chemical control of breathing by the 
respiratory center. ... It proved to he one of physiology's onManding creeds . . . . 
It was a shaky foundation upon which all of us worked. So when Heymans, 
et dl., produced hyperpnea by a lack of oxygen or an excess of carbon dioxide 
confined to the aortic (1924-27) and carotid chemo-receptors (1930-32), he gam 
vs a new ovilook on respiration for which physiology is deeply indebted. . . . Both 
central and peripheral chemical control were proven to be extremely important.” 
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For over a quarter of a century vre have been investi^ting the functions of the 
r^piratoiy chemo-receptors. The idea of the r61e of the peripheral chenucal 
stimulation of receptors in the processes of regulation of pulmonary ventilation 
and respiratory dynamics was enunciated by us in 1918 and at the same time the 
reflex effects from those stimuli were demonstrated. That year we published 
our first paper on chemo-receptors in the respiratory apparatus, which control its 
motor functions, and in 1920 we gave a practical demonstration of the technique 
employed (the dog with two heads, perfuang the head of the experimental dog 
wi^ ^e blood of the donor dog) before the Tenth International Physiological 
Congress in Paris. Since those first experiments, our research work on this sub- 
ject has been extensive. Today it is an undisputed truth that peripheral chemo- 
receptors are instrumental in the control and the regulation of the respiratory 
movements. 
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THE ACTION OF INSULIN 

J. P. BOUCKAERT and CHR. db DUVE 
Physiological Laboratory, University of Lovmin, Belgium 

In spite of the enormous amount of both experimental and critical Trork de- 
voted in earlier years to the problem of insulin action, and in spite of the appar- 
ently convincing demonstration furnished by earlier work that insulin facilitates 
both glucose oxidation and storage as muscle glycogen, too many facts are still 
disputed, too many conclusions remain questioned, to allow a satisfactory agree- 
ment to be reached on the subject. Since then, a great step forward has been 
made, thanks particularly to the results achieved by Soskin and other American 
authors; new light has been thrown simultaiieou^y on the biochemical aspect of 
the problem by the Cons’ more recent w'ork on glucose and glycogen phospho- 
catalytic metabolism. To these important results we now wish to add our own 
contribution to the subject. 

It may be recalled that the problem of insulin action has been studied uninter- 
ruptedly since as early a date as 1923, in the physiological laboratory at Louvain 
Univeraty. The earlier experiments by Bouckaert, De Nayer and thdr co- 
workers already pointed against the current views on the subject; as to our later 
results, not only do they conclusi^ ely disprove the classical muscular theory of 
insiiUn action, but, jointly with Soskin’s and other recent data, they afford 
.sufficient evidence for reconsidering the whole bulk of experimental work on 
which it is based. Out of the new faclB thus brought to light, a diffeimt theory 
arises, which provides a more compreh^oave and satisfactory picture of infliilin 
action than has yet been put foiw'ard. As has been ^own in the detailed review 
on carbohydrate metabolism, diabetes and insulin, recently published by one of 
us (27), practically all the results obtained imtil now on this subject may be 
gathei’ed, when properly interpreted, in support of this theory. 

Our essential aim, m this paper, is to summarize our most imx>ortant results 
and to point out briefly how they affect the general theory of insiilint action. For 
a more detailed account w’e wish to refer to the work of de Duve (27), already 
mentioned, where the more recent ht^ture has been extenavely discussed. 

ExPEoaaoiNTAii BSBTJin» Aim a. The tm2X)rfanoe o/ 

level. Some experiments by Wierzuchow^, Soskin, Lundsgaard, amongst 
others, have served to empha^e a relationship between blood-sugar level and 
blood-sugar consumption. Such a relationship has been idiown to exist by De 
Nayer (17) between the amoimt of glucose deposited as muscle glycog^ under 
inginlin action and the blood-sugar levd at which the insulinized animal is main- 
tained by continuous intravenous infusion of glucose; we ourselves have observed 
the quantity of glucose disappearing under the mfluence of inmilia to be directly 
proportional to the mean ^caenua of both rabbits and dogs receiving insulin 
and glucose intravenously (19). 

The mathematical function relating blood-sugar consumption toblood-sugar 
level has been the object of some disagreement. According to Lundsgaard and 
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co-workers (44) the function is linear in a range of blood sugar from 0.20 to 0.60 
per cent; Wierzuchowski (64), Soakin and Levine (60) both find the curve to be 
parabolic. In the latter work, however, the total carbohydrate utilization is 
considered and not the blood-sugar disappearance only. On the other hand, the 
data obtained by Wierzuchowski can be satisfactorily put on a straight line in the 
blood-sugar range in which Lundsgaard finds the relationship to be linear. Our 
own results show that the linear relationship still appeal’s at lower blood-sugar 
levels in the case of the insulinized animal. From this fact it may be assumed 
that the relationship really is hnear, but that the curve tends to become parabolic 
at low or very high blood-sugar levels. This would be due, in the latter case, to 
saturation of the enz 3 rmes responsible for glucose disappearance, in the foi’mer to 
the fact that hepatic glycogenesis^ replaces to some extent infused glucose in 
compensating peripheral consumption, and that the exogenous supply, by which 
consumption is measured, must be accordingly restricted. 

The relatianship between glucose administered and blood-sugar level would then 
become linear from the moment when hepatic glycogenesis became completely 
inhibited, in other words from the hepatic threshold® upwards, to the point whore 
the curve is again flattened by saturation of the enzymes. This is indeed the case 
in Wierzuchowski’s experiment, if we assume that, in accordance with Soskin, 
the normal value for the hepatic threshold lies between 0.15 and 0.20 per cent. 
Our own results would then support the view that insulia considerably lowers the 
hepatic threshold, allowing the real rdationship to be observed at much lower 
rates of glycaemia, where the curve of the non-iosulinized animal already assumes 
a parabolic aspect. As will be shown, this view is conclusively demonstrated by 
our further e3q>erimentB. 

To our knowledge, no explanation has yet been put forward to account for the 
observed rdationship betAveen blood-sugar consumption and blood-sugar level. 
We ourselves consider it as a necessary consequence of the law of mass-action. 
Whatever the tissues concerned and whatever the final product of this trans- 
formation may be, glucose consumption must necessarily bo equivalent to glucose- 
transformation and must therefore be due to cheminfl.! reactions. The iniUal rr- 
adion, by which glucose enters the metaboUc processes will occur at the expense 
of ^ucose itself; its velocity will he increased by an increase in the concentration of 
glucose. Secondly, the subsequent reactions viill also be accelerated and a total 
increase of the metabolic turnover of glucose will occur. In accordance with this 

' To prevent confusion, we widi to point out that, throughout this paper, wo have used 
the expression “hepatic dycogenesia” in the sense of “sugar formation by the liver,’* what- 
ever the ori^ of the sugar formed. Hepatic dycogeneaU will therefore cover both “ho- 
palio dy^S^nolysis’’ (sugar formation from glycogen) and “glyconeogenesis” (sugar 
formation from non carbohydrate sources such as protein and, possibly, fat). SynthosiB 
of j^ycogen wiU be refer^ to as “glycogen formation.” It should be further noted that 
the word “glycos^nolyaie” really means “glycogen breakdown.” When applied to the 
liver, it usually means “dyoogen breakdown to gpiucose;” but many authors also refer to 
muscular gjyoogenolysis” in relation with ^yoogen breakdown to lactic acid. In the 
latter case, we have adopted the expr^sion *'glyoogen breakdown.” 

* The hepatic thre^old is the value of the blood-sugar level, at which sugar formation be- 
comes completely inhibited in the liver and gives place to sugar retention. 
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line of reasoning, the mathematical function rdating blood-sugar disappearance 
to blood-sugar levd should have a specific significance, a linear curve indicating 
that the initial reaction is monomolecular. We will refer later in this paper to the 
exact nature of this reaction; but it may be mentioned that many facts suggest 
that the initial process might be a change in the molecular architecture of glucose, 
brought about by adsorption to some specific enzymatic structure and prior to 
phosphorylation by adenosine-triphosphate. Such a reaction would indeed be 
of the monomolecular type; moreover, the process at this stage would still very 
probably be reversible, which would account for the phenomenon of “stockage 
lacunaire” observed by Soula and his co-workers. Nevertheless, too much sig- 
nificance should not be attributed to the linearity of the curve; as we have seen, 
it occui’s only in a definite blood-sugar range and any limited portion of a para- 
bolic curve is approximately a straight line. On the other hand, the fact that 
enzymatic processes are conditioned by adsorption to a surface renders kinetic 
deductions from the type of curve open to criticism. 

The impoiiance of this relationship in regard to inHiilin action is evident. It 
shows that the rate of blood-sugar level should be measured regularly, and the 
automatic influence of its variations should be taken into account (see later: The 
method of compensation (p. 43)). 

Blood-sugar variations can affect the experimental results obtained with inanlm 
in yet another way. In 1934 attention was drawn by Macleod (46) to the extra- 
ordinary differences existing between normal and diabetic animals in regard to 
their req)onses to insulin. While the metabolic changes brought about by 
insulin in diabetic animals are fairly r^lar and may be called “normal”, i.e., 
opporite to the corresponding changes caused in normal animals by total extirpa- 
tion of the pancreatic gland, the reactions of the normal animal to inanli-n are 
much more irregular. In a certain number of experiments, the response is also 
“normal,” in others no changes occur, in many others, finally, “abnormal” dia- 
betic reactions to insulin are'observed, for instance a low'ering of the R.Q., a de- 
crease in hepatic glycogen, an increase in the production of ketone bodies, or a 
rise in nitrogen excretion, etc. 

Macleod failed, however, to give a satisfactory explanation of thrae differences. 
There is no doubt that they are mainly due to differences in hlood-sugar level. A. 
systematic review of those earlier experiments, and of the later onra where similar 
differences occur, has shown us that most of the “abnormal” r^ults were obtained 
on animals receiving huge amounts of insulin and no glucose or msufficient quan- 
tities of ^ucose, while the “normal” results are observed on either diabeti.c ani- 
mals, or on animals receiving only small doses of insulin, or adequately supplied 
with glucose whenever grater quantities of insulin were given. In other words, 
^‘dbnormcd” results are generally assodated with hypoglycaemiaj ^‘normal” ones 
with hyperglycaemic or normal blood-sugar levels. In many cases, this relationship 
appears in the same set of experiments. From this fact may be concluded that 
the “abnormal” results are mostly due to the action, not of insulin itself, but of 
blood-sugar raidng or diabeiogendc factors whose appearance in the hlood-stream is 
induced by the hypoglycaemic stale brought about by insulin. For this reason 
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marked hypoglycaemia must be considered as the chief caiLse of error in experi- 
ments on inaiilin and should be avoided at all costs. 

In shoi-t, the blood-sugar level appears to be of primary importance in aU ex- 
periments concerned viith insulin. We believe that too much stress cannot be 
laid on its impoidance, and that the confusion still existing amongst different 
schools, and the resulting failure of any theory of insulin action yet proposed to 
cany unanimous agreement, are to be attributed mainly to neglect of this factor, 
or insufficient knowledge of its influence. As has been shown, this influence is 
twofold: 

1, the rate of glucose consumption is directly related to its concentration in the 
blood ; 2, low blood-sugar levels may induce secondarj^ reactions which antagonize 
the action of insulin. 

b. The ao-cdlled “glycogenolytic action” of insulin. It has been frequently 
stated, especially by French and American authors, that insulin exerts a ^yco- 
genolytic influence on the liver. In fact, a decrease in liver-^ycogen after in- 
jection of insulin has been frequently observed; but so, for that matter, has an 
increase. Of the two results, the former undoubtedly may be termed “ab- 
normal” in view of the diminution in hepatic glycogen reserves resulting from 
pancreatectomy. In no other set of experiments does the “glycaemic criterion” 
prove to be such a valuable asset as in these: it may be shown that many of the 
experiments in which glycogenolysis occurs are associated with hypoglycaemia 
and are therefore without demonstrative power; it has even been tiiown in some 
experiments (see Reid (56), Crandall and Cherry (14) ) that glyc(^enolysis fails 
to occur in adrenalectomized or adrenal-denervated animals treated with insulm, 
thereby clearly demonstrating that this effect is due, not to insulin action but to 
a secondary discharge of adrenalin, induced by insulin-hypc^lycaemia. 

In some cases however, we either have no positive proof that such a reaction 
has occurred, as no recording of the blood-sugar curve has been made (e.g., Cori 
and Cori (13) ), or may even definitely eliminate the possibility of such a reactipn, 
as, for instance, in the experiments by Bodo and Marks (2), Fiessinger et ah 
(29), Lund^aard et al. (43), where a glycogenolytic action of insulm is demon- 
strated on the perfused liver. An interesting fact about the latter experiments 
is that this effect on the perfused liver can be produced vrith certain samples 
of insulin only; others, at least equally active therapeutically, exert no glyco- 
genolytic action whatsoever on the perfused liver. Evidently, even in these 
coses, glycogenolysis cannot be due to insulin itself; it must be attributed to a 
blood-sugar raitii^ factor, different from insulin, which is pr^ent as an impiuity 
in certain samples of commercial and even crystalline (Fiessmger, Lundsgaard) 
insulTn. It will be remembered that a mTnilar explanation accounts satisfactorily 
for the i nitial hyperglycaemia which occurs immediately after mjection of certain 
samples of iosidin. 

Our attention was particularly drawn to this problem by a paper by Bridge 
(8), where it is categorically stated that inaiiliTi inhibits ^yeegen formation in 
the hver. In Bridge’s experiments, addition of varying amounts of rnanlm to 
the solution of glucose infused oontinuoudy to rabbits, during 6 hours and at such 
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a rate as to maintain the blood-sugar at a constant hyperglycaemic level, leads 
to a corresponding decrease in the amount of glucose deposited as liver-glycogen. 
The insulin used in this experiment vas “Lilly;** since this brand has beffli widdy 
used for research purposes, we thought it rather important to verify whether it 
also contains a blood-sugar raising factor, as Brieve’s results strongly suggested. 
Our experiments fuUy confirmed this assumption (24) (26). 

Injection of “IMly** insulin produces a chai'acteristic initial hyperglycaemia; 
less glucose is needed to compensate the hypoglycaemia induced by massive in- 
jection of 30 units of another brand of insulin (“Novo**) to rabbits, when “LUly** 
insulin is added to tiie glucose solution; on the contrary, addition of “Novo** 
insulin to the glucose infused leads to an increase in the glucose requirements 
of the animal. When sufficiently hi gh doses of “Lilly** insulin are added (16 
to 23 U/Kg./hr), no glvcose at all is needed; the blood-sugar levd never falls 
below 0.09 per cent. The glycogenolytic factor is then supplied at a rate suffi- 
cient to activate the hepatic output to such an extent as to replace almost com- 
pletely a continuous glucose infusion of 1,40 g./Kg./hr. From the quantitative 
data obtained, it may be calculated that Bridge would have observed an increase 
in hepaiic glycogen, proportionate to the amount of insulin given, if he had used 
another brand of insulin and if he had further maintained aU his animals at the 
same blood-sugar level, by adequately regulating the glucose infusion. 

We fed that we may safely conclude tlmt insulin itself exerts no glycogenolytic 
effect whatsoever; on the contrary, provided sufficient glucose is supplied to 
maintain the blood-sugar at a normal levd, hepatic g^cogen will r^ularly be 
found to increase under the influence of insulin. Further objections which might 
be brought against this conclusion will be met later in this paper (see ‘'The final 
fate of glucose disappearing under insulin actiem. (p. 52)). 

c. The method of compensation. Apmrt from the fact that the brand of insulin 
used must be tested as to the possible presence of a blood-sugar raidng impurity, 
the most important factor which should be kept in mind in all experiments con- 
cerning insulin action is the level of the blood-sugar. Unless one wishes to study 
the reaction to hypc^ycaemia, low blood-sugar levels must be prevented from 
occurring; moreover, the direct influence of blood-sugar concentration on blood- 
sugar disappearance must be taken into account. The most perfect method will 
therefore be the one in which the blood-sugar is continuously maintained at its 
normal level by an adequate infusion of ^ucose. Already in 1929 such a method 
was devised by Bouokaert, De Nayer and KrekelB (4) (6), and it has been widely 
used subsequently by Bouckaert and his co-workers. Lately, de Duve and 
Bouckaert (19) have pointed out that the original method can be rendered more 
serviceable and more precise by taking advantage of the linear relationship exist- 
ing between blood-sugar level and consumption. In both methods the insulin 
is given massively by intravenous injection at the beginning of the experiment 
and this injection is immediately followed by a continuous intravenous infusion 
of isotonic glucose; it can be shown that if the blood-sugar variations are not 
excessive, the quantity of glucose infused corre^onds, with less than 5 per cent 
error, to the quantity which has effectively disappeared under insulin action and 
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provides a very accurate measure of this action. At least, this will be tme if the 
independent and automatic influence of the blood-sugar levd itself is taken into 
account. This was done in the original method by retaining only those experi- 
ments in which the blood-sugar curve constantly remained within “physiological 
limits”; a large number of experiments had thereby to be discarded and the 
method proved onerous and impractical. In the new method, the mean blood- 
sugar level G is calculated from the blood-sugar cun^e, and D being the quantity 
of glucose given (i.e., consumed at a mean blood-sugar value G), the quantity 
Do which skovld howe been given to maintain a normal blood-sugar concentration 
Go is calculated by the experimentally established formula: 

Do = D X 

Through this simple mathematical process, the range of blood-sugar curves 
which remains of practical use is far greater, and the measure of inRnlin action is 
far more accurate as all the results are reduced to an identical blood-sugar level 
Go, the independent influence of the levd of the blood-sugar being thereby dim- 
mated, When assays of this type are i>erfonned on a set of aimilftr animals, the 
values of Do usually differ from one animal to the other and can be represented 
by only a mean value. Finally, the m^tn value of Do thus obtained provides 
a quantitative test of the action of a given dose of insulin on a given type of ani- 
mal. 

Another modification of the original method has been devised by De Maeyer 
and De Graer (16)* Id. this second method, the values of G are plotted against 
the v’alues of D, and the most probable curve relating D and G is calculated. 
The intei-section of this curve with a vertical line passing through the value of 
abscissa Go fumidies directly the most probable value of Do. The two methods 
gh^e almost identical results. 

It is to be noted that both these methods imply the use of statistical formulae. 
It is very important, especially in biological research where the number of ex- 
periments is usually small, that statistical results diould be presented properly, 
that is, accompanied by their diversion. This can be done with the aid of the 
formulae given by Fitiier (30) in his book, Statistical methods for research workers 
(see also (16) (19) (27)). 

d. The site of insulin action. For more than 60 years, two theories have been 
opposed to explain the origin of diabetic hyperglycaemia and of inanlin hypo- 
glyeaemia. According to one theory, the main site of insulin action is the liver 
and diabetic hyperglycaemia is mainly due to overproduction of glucose in this 
oigim, while insulin hypoglycaemia is essentially a result of an inhibitory action 
on liver gjycogenesis. According to the other, insulin acts mostly on the muscles, 
non-utilization of glucose being the cause of diabetic hyperglycaemia, excessive 
utilization that of insulin hypoglycaemia. In this second theory, it is assumed 
that the intense variations in hepatic metabolism which undoubtedly occur in 
diabetic a nim a l s are mainly due to secondary reactions provoked by the primary 
glucose need of the muscles. 
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Up to 1930, the muscular theory was advocated by a majority of authors and 
is still widely accepted today. The arguments for it are manifold : 1. While the 
fact that insulin acts directly on the ^ucose consumption of muscle tissue was 
firmly established by a great number of authora, none of the experiments carried 
out to reveal a similar action on the isolated liver had given conclusive results. 
2. While, on the whole animal, changes in muscular metabolism were fairly 
regular after administration of insulin, hepatic responses to mHiihn proved ex- 
cessively vaiiable and were even often “abnormal,” i.e. simila r to those occuring 
after pancreatectomy. 3. Somewellknownexperiments, namely those by Mann 
and Magath, Lesser and co-workers, Cori and Coii, Best, Dale, Hoet and Marks 
appeared particularly demonstrative and have been frequently quoted in sup- 
port of the muscular theory. 

Since then, the hepatic theory has gained ground thanka to the work of Soskin 
and his co-workers; neverthdess, none of Soskin’s experiments conclusively dis- 
proves the hypothesis of an indirect action of insulin on the liver. 

In order to measure quantitatively the amount of glucose which disappears 
respectively in the liver and in the p^pheral tissues under the action of insulin, 
we have carried out comparative tests, uang the method described above, on 
whole dogs, on hepatectomized dogs, eviscerated dogs and pancreatectomized- 
hepatectomized dogs, either receiving super-maximal doses of insulin or receiving 
no insulin at all (de Duve et al. (1946) (20)). 

Our results show not only that insulin may inhibit completely hepatic glyco- 
genesis in the animal with a normal blood-sugar but may even further lower the 
hepatic thrediold, thereby considerably increaai^ ^ucose retention by the liver. 
They prove that insulin acts directly on the liver and that the hepatic action is 
more imporant than the peripheral action. 

Here is a more detailed description of the procedure followed in these experi- 
ments: 

Usmg the method described in the prececfing chapter, w'e have ascertained that, 
to maintain a normal blood-sugar level in a dog constantly during 80 minutes 
after he had recdved a super-maximal dose of insulin given intravenously, it is 
necessary to promde, by continuous intravenous infusion, a total quantity of 
glucose equal to 2,10 gr./Kgr. From this result may be gathered that the var- 
ious tissues of a dog saturated with insulin remove from the blood-stream lai^e 
quantities of glucose con’e^onding to 2,10 gr./Kgr./80 min. provided the blood- 
sugar levd itsrif does not vary. It will be remembered that if the rate of glucose 
infusion is such that variations of the blood sugar levri occur, this would, under 
the same conditions of insulin excess, alFect the quantity removed, this quantity 
being larger than 2,10 gr./K^. if the dog becomes hyperglycaemic, smaller if 
hypoglycaemia occurs. We may further assume that, in tto experiment, the 
action of insulin is observ^ed as much as possible uncomplicated by other factors, 
such as adrenalin and other blood-sugar raiang hormanes, whose secretion would 
be increased if the aniTnal were allowed to become hypoglycaemic. 

The point we wanted to investigate was the behaviour (rf the liver imder those 
conditions. We know that the liver of the fasting dog secretes into the blood 
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stream a quantity of glucose covering the total consumption of the peripheral 
tissues. We knov also of three factors which may alter this process: adrenalin 
win stimulate sugar formation in the liver by activating glycogenolysis; pituitary 
and cortical hormones will stimulate it also, mainly by promoting glyconeo- 
genesis; finally, blood-sugar level variations will directly affect the hepatic glucose 
output, hypoglycaemia leading to its increase and hyperglycaemia bringing about 
an inhibition of this process, an inhibition which may be partial, or complete, 
or may even give place to the opposite process of retention, according to the in- 
tensity of the hypeiglycaemia obtained. In our experiments, changes in blood- 
sugar level are avoided so far as this is possible; on the other hand, we have no 
reason to believe that important alterations take place in the secretion of the 
adrenal and pituitary glands, since their most powerful stimulant, which is the 
blood sugar level itself, suffers no great VEudations. 

The most important factor obtaining under these experimental conditions will 
be therefore the considerable excess of inanliu to which the animal is submitted, 
and these conditions appear particularly suitable for the study of the hepatic 
reaction to this hormone. 

If we assume that insnilin does not at all affect hepatic metabolism, we must 
expect the hepatic glucose output to continue undisturbed and the quantity of 
glucose thus poured into the bloodstream will add itself to that given by infusion 
to meet the requirements of the periphm»l tissues; in that case the value of 2,10 
gr./Kgr. should indicate the difference between tiie peripheral requirements of 
the animal saturated wdth insulin and those of the animal receiving physiological 
amounts of inBiilin from its own pancreas. If inmilin does promote sugar forma- 
tion in the liver, the excess of glucose thus prorided would have to be added to 
the quantity infused, the sum of the three being equal to the peripheral require- 
ments of the insulinized animal. On the other hand, if inanlin partially inhibits 
sugar formation in the liver, the peripheral requirements of the insulinized n.nima.1 
will be less than the normal fasting glucose output plus 2,10 gr./K^., but they 
will still be larger than 2,10 gr./E^. ; if insulin completely inhibits sugar forma- 
tion in the liver, the peripheral requirements of the insulinized n.nimfl.1 will be 
exactly 2,10 gr./Kgr.; and finally, if insulin not only inhibits sugar formation in 
the liver but further promotes hepatic retention of glucose, the peripheial re- 
quirements of the insulinized animal wiU be smaller than 2,10 gr./K^. by a quan- 
tity equal to that taken up by the liver under the influence of insulin. 

It is clear than an adequate measurement of the ‘peripheral glucose requirements 
of an a nim a l saturated with insulin will allow us to distingniHh between these 
various hypotheses. We have therefore determined the quantity of glucose 
which must be furnished by continuous infuaon to mamt aiTi a constantly normal 
blood si^ar level on a number of hepatectomized and totally eviscerated dogs 
receiving a super-maximal dose of insulin. We have also carried out giTTnilftr 
drterminations on hepatectomized, on totally eviscerated and on pancreatecto- 
mized-hepatectomized dogs, receiving no inwiliTi. 

The various r^ults obtained are summarized in table 1. 

The most dgnificant results are those obtained on hepatectomized and evis- 
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cerated dc^s receiving large amounts of insulin; th^ show that exd.uaon of the 
liver strongly diminishes the glucose requirements of the insulinized aTtimal and 
enforce the conclusion that inanlin given in large amounts to an a-nimfl.! whose 
blood-sugar level is kept normal by a conlinuouB infusion of glucose, not only 
completely inhibits the hepatic glucose-output, but even considerably activates 
glucose retention by the liver, the amount of glucose takan up by the liver under 
those conditions (2,10 -- 0,40 = 1,70 gr./Kgr./80 min.) being much larger 
than the total amount taken up by all the other tissues (0,40 gr./Kgr./80 min.). 

A more detailed discussion of the results serves to emphasize thia conclusion. 
The results obtained on the hepatectomized animala receiving no inanliTi give us 
an idea of the state existing in the normal fasting ftnima.l supplied with iripnlin 
from its own pancreas. Its peripheral ^ucose recpiirements are 0,32 gr./Kgr./80 
min. ; there is no indication that hepatectomy dimini^es the glucose consumption 


TABLE 1 


HinCBEX 

or 

XXFEU- 

KBlITa 

OFEXAllVE mraiVAZIOK 

mscuir 

OIVCN 

IHSnUH AVAnABIS 

OLCcosB sxQcntxiaaixs to zixp 

XBZ BSL OOMS1ANII.T AT ITS 
HDSUAL VAIDC OF 0,S7 OS. P. £. 
aR./xoM./tO tas. 
lrbT*/V^* 

7 

None 

+ 

Super-max. 

2,10 db 0,24 

6 

Hepatectomy 

+ 

Super-max. 

± 40 ± 0 08 

0,40 =fc 0,22p ^ 

4 

Evisceration 

+ 

Super-max. and 
under-max. 

3 

Hepatectomy 

— 

Norm, endogenous 

0,32 ± 0,06 

3 

Evisceration 


Remaining in tis- 
sues unmediately 
after eviso. 

0,18 d= 0,15 

2 

Previous pancrea- 
tectomy hepateo- 
tomy 


None 

0,09 and 0,14 


** Srmean. s:standarderror of mean, nrnumber of experiments. T: “students value 
of t for P — 0.06 and n values. In less than 6 per cent of cases shall the true value of X fall 
outside the limits indicated by the value aSected by the sign ± (Fisher p. 111). 


of the peripheral tissue, once this ^ure is not smaller than those obtained by 
other authors, some of them on intact animals.’ 

We may take it, therefore, that the peripheral tissues of the normal fasting 
n.niTiria.1 take up 0,32 gr./Kgr./80 min, of glucose from the blood-stream, the same 
quantity being poured into the blood-stream by the liver. In other words, the 
liver supplied with phymolc^cal amounts of insulin secretes 0,32 gr./Kgr./80 
min. of glucose; under the influence of the excess of insulin injected, ^ucose re- 
tention by the liver passes from a native figure of —0,32 to a positive one oE 
+l,70/Eii’./80 min. the total change on balance produced being, therefore, 
2,02 gr./Kgr./80 min. Under the influence of the same excess of insulin, pe- 
ripheral consumption is raised from 0,32 to 0,40 gr./Kgr./SO min. the exce^ of 

' On the contrary, there seems to be rather an increase in the peripheral consumption of 
glucose after hepatectomy. See p. 51-62. 
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glucosst&ksii up bcingOjOS gr.y^K^r./SOrnip. It iscl68irtliflptd.osesQf insulin high sr 
fhflTi the physiologically secreted amounts of this hormone act almost exclusively 
on the liver, where they promote glucose-retention in a remarkable way, the ratio- 
hepatic action/peripheral action being 25 (table 2). 

On the other hand, the smaller phyaological doses of insulin exert a strong 
action on the peripheral tissues. This is shown by the results obtained on evis- 
cerated and on pancreatectomized-hepatectomized animals receiving no insulin. 
The smallest figure we have obtained for the peripheral consumption of an animal 
•completely deprived of insulin is 0,09 gr./Kgr./80 min. It will be remembered 
that this figure has been reduced to that for a normal blood-sugar level ; in reality , 
a consumption of 0,21 gr./K^'./80 min. has been observed at a mean glyoaemia 
of 0,239 per cent. 

By comparing this figure with that observed on the hepatectomized animal 
supplied with insulin from its own pancreas (0,32 gr./Kgr./80 min.), we find that 
physiological amounts of msulia promote the peripheral disappearance of 0,23 
gr./Kg./80 min. of glucose. The figure obtained on the eviscerated animal 
(acutdy pancreatectomized-heiiatectamized) is an intermediate one (0,18 


TABLE 2 


1 

1 

AUOtTMTS as IHSUUK AVAILABXX 

AUOtTNTB OF glucosi: tucch uf at 

A tUnaiM. BS IXVEI. 

OB./KOX./80 xm. 

KATIO: HEPATIC 
aciioh/pbuphi:s.\l 
Acnow 

Liver 

1 

Other tiBSoee ! 

SiipeT-tniwiinnl 

+1,70 

-0,32 

+0,40 

+0,32 


Fhysiologic&l 


Difference 

+2,02 

+0,08 

25 



gr./Kgr. /SO mm.), showing that the insulin remaining in the tissues immediately 
after pancreatectomy still favours glucose consumption to a certain extent. 

In order to determine the ratio: hepatic action/peripheral action of physio- 
logical amounts of insulin, we should know' to what extent the insulin secreted 
hy the pancreas inhibits sugar-formation in the liver of the fasting normal ani- 
mal; in other w'ords, we should know how much glucose would be poured into 
the bloodstream by the liver of an animal, completely deprived of inaidin with- 
out the blood sugar level having changed. This figure cannot be obtained ex- 
experimentally ; even without taking into oontideration the change in blood sugar 
le\'eil, the hepatic glucose output of a diabetic animal would probably vary con- 
siderably according to its state of nutrition and to the degree of ketc^enesis at- 
tained. In the most favourable conditions, such as in the protein-fed diabetic 
animal, the liver suppli^ large amounts of glucose to the blood stream, covering 
the peripheral needs (approximately normal) and the renal excretion. Taking 
into account the inhibition of the he^^tio output produced by the hi gh blood- 
sugar level, we have estimated that the liver of a dog, kept at a normal blood 
sugar lev^ and completely deprived of insulin, would secrete into the bloodstream 
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approxiinatdy 0,85 gr./Kgr./80 min. (de Duve (27)) . Although this figure rests 
on only very indirect evidence, it may serve to emphasize an important fact, 
for there is little chance that the hepatic action of physiological amounts of in- 
sulin is more than that of reducing the hepatic output from 0,85 to 0,32 gr./Kgr./ 
80 min., i.e., that of favouring the retention of more than 0,53 gr./ TC gr./80 min. 
of glucose. And vre may take it that the ratio: hepatic action/peripheral action 
of these small doses of insulin will hardly exceed the value of 2 (table 3). 

The same reasoning applied to the total action of a super-maximal dose of in- 
sulin furnishes for the ratio: hepatic action/peripheral action, a value of approxi- 
matdy 8 (table 4). 


TABLE 3 


AUOUMTS or INSniN AVAILABI£ 

Aicoosxs or OLinxiSE tucxn tip at 

A MOSUAL BB IXVEL 

OB./KCB./80 UH. 

BATIO: HEPATIC 
ACnON/PEHTPaBHAB 
ACnON 

Liver 

Other tiasneB 

Physiological 

None 

1 1 
o o 

-1-0,32 

-1-0,09 



Difference 

-1-0,63 

+0,23 

2 


TABLE 4 


A1IOXIHT8 OP IHBDUH AVAZLABLC 

AUOXTNTB OP OLOCOBn TAXEN OP AT 

A KOSUAI. BB LEVEL 

OB./XOE./80 iror. 

XATIO: HEPATIC 
ACnOK/FBBIPHEBAL 
ACIIOH 

Liver 

Other tianiBs 

SiipAr-TnaviTnal 

+1,70 

-0,86 

+0,40 

+0,09 


None 


Difference 

+2,66 

+0,81 

8 



Finally, we may conclude: 

1. That the higher the dose of insulin, the more it tends to act on the liver; 
the maximal active dose must therefore be much hi^er for the liver than for the 
other tissues. 

2. That, whatever the dose of insulin present, and ^eciaUy with the larger 
ones, much more ^ucose is taken up by the liver than by the other tissues under 
the infiuence of insulin; consequently the maximcd amouni of glucose which can 
be taken up under the influence of inaiilm at a normal blood-sugar levd is also 
milch larger for the liver than for all the other tissues. 

Taken together, these facts prove that insulin exerts a direct and powerful 
action on the liver and that this action is far more important, quantitatively, 
than its peripheral action. 

These results are in full agreement with those of Soskm’s and, added to them, 
^ould afford convincing proof of the essential and central rdle played by the Uver 
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in the processes of blood-sugar regulation. They raise many questions and lead 
to many conclusions, of which we can only, and very briefly, mention the most 
important ones. 

One may wonder, first of aU, how this important action has escaped the atten- 
tion of BO many authors and has even been emphatically denied by some. Two 
facts are ma nly responsible for this: 1. As we have already mentioned above, 
n^ect of the importance of the blood-sugar level has led to many erroneous 
results, particularly in those experiments where hypoglycaemia has not been 
avoided. It is clear that the antagonistic reactions occurring in hypoglycaemic 
animals consist essentially in a discharge of hormones which stimulate the glucose 
production of the liver and thereby electively oppose the hepatic action of 
insulin without interfering with its penpheral action. The use of impure insulin, 
contaminated by a blood-sugar raising factor, has also furnished faulty results. 
2. The hepatic systems on which insulin acts are extremdy fragile. We were 
able to note this fragility in a numb® of experiments (21) (23), in which we ob- 
served a ddeterious effect on inanlin action of various factors (adrenalin, an- 
esthetics, hyperventilation, hypoventilation, spinalisation) . Of all these factors, 
reduction of the o^grgen-supply and spinalisation were the most noxious. The 
fact that insulin is inactive on the paused liver is therefore not astonishing, 
especially if it be remembered that the liver is particularly well supplied in en- 
zymes of all sorts and for that reason, very sensitive to autolytic influences. It 
may be further added that our experiments do not allow us to exdude the pos- 
sibility that insulin, as has been su^^sted by Nielsen (52), must be activated 
by a substance of muscular origin, to be active on the liver. 

If a complete survey of the earlier literature were made with th^ fact ins 
mind, it would be dear that a feeling (rf distrust toward the existence of a hepatic 
action of insulin was created not so mudi by lack of evidence as by the confusing 
amount of contradictory results obtained in this fidd. Once these contra- 
dictions are satisfactorily accounted for, the evidence in favour of the hepatic 
theory becomes overwhelming. 

It may be objected to our experiments that the figures for peripheral glucose 
consumption obtained on anesthetized and artifidally ventilated animals, sub- 
mitted to severe operative interference, cannot be applied as such to the normal 
animal. This objection is eadly met: 1. Our results are in dose agreement with 
those obtained by various other authors who have carried out aiTnilfl.r experiments, 
diowing that the technique used in our experiments is not inferior to that used by 
other authors. 2, As far as the validity of the technique itsdf is concerned, an 
interesting fact emerges from a comparison of our results with those of Cherry 
and Crandall (10) and of Soskin, E^ex, Herrick, and Mann (69). Cherry and 
Crandall (10) have measured the hepatic ^ucose output of normal unanesthetized 
dogs, by means of the angiostomy method; they find that the liver secretes 9,1 
± 0,68 mgr. of glucose p. 100 ml. of hepatic blood flow. According to the results 
of Blalock and Mason (1), the mean hepatic blood flow of the normal deg is 
28,6 id./Egr./min. Tram these two figures it may be calculated that the Tn ftfl.T^ 
hepatic i^ucose output of a normal unanesthetized dog, and consequently also 
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Ms mean perpheral glucose consumption, amounts to 0,21 gr. =fc 0,02/Kgr./ 
80 min. Using a similar method Soskin, Essex, Herrick and Mann (59) have 
measured simultaneously the hepatic glucose output and the hepatic bloodflow 
of anesthetized dogs, before and after administration of varying amounts of 
glucose. If we single out in their e:q)eriments the 6 figures obtained on dogs with 
a normal blood-sugar level, we find a mean value of 0,21 db 0,12 gr./Kgr./80 min. 
There is no indication, therefore, that the a-nRathaHin. has greatly modified either 
the hepatic output or the peripheral consumption in these animals. Finally, we 
oursdves have found for the peripheral consumption of anesthetized, hepatecto- 
mized dogs a mean value of 0,32 ± 0,06 gr./K^./80 min. Neither the an^thesia 
nor the exdution of the liver seem to have brought about any diminution of the 
capacity of the peripheral tissues to take up blood glucose. On the contrary, 
the figure found on the hepatectomized dc^ appears to be significantly higher than 
that observed on the intact animal. The obvious explanation of this difference 
seems to be that, in the hepatectomized animal, all the inRidin secreted by the 
pancreas is carried out directly to the peripheral tissues, whereas in the intact 
animal, part of it is retained by the liv«r. This view is supported by the fact that, 
in the totally eviscerated dog, the peripheral consumption is much smaller, ap- 
proaching the value observed on the intact a-mmal (0,18 gr./K^./80 min.). 

In the latter case no insulin at all is conveyed to the tissues during the experi- 
ment, but, considering the experiment is carried out immediately after the opera- 
tion is performed, the effect d£ the insulin present in the tissues must be expected 
to wear off only gradually, wMch accounts for the fact that the glucose uptake of 
the eviscerated dog appears to be only sli^tly lower than the peripheral consump- 
tion of the intact animal. 

3. Finally, it may be noted that both the h^tectomized and the eviscerated 
dog are perfectly sensitive to their own msulin as well as to externally provided 
insulin. 

All these facts seem to deal satisfactorily with the objection that ihe important 
reduction of the capacity to utilize glucose under the influence of insulin, broi^t 
about by extirpation of the liver, could be due to a depressing influence of the 
operative interferences on the peripheral capacity of utilization. On the other 
hand, the various quantitative data by wMch we have tried to systematize our 
resulte may have to be revised m view of the fact that hepatectomy apparently 
induces a state of relative hyperinsulinemia in the peripheral tissues. If we 
take as a more probable value for the peripheral consumptian of a normal dog, 
the figure of 0,21 gr./Kgr./SO min., observed on intact animals both by Cherry 
and Crandall and by Soskin et aZ., the figure given above riiould be changed to 
the following vahies: 

Hepatic retention with physiological amounts of insulin: —0,21 
Peripheral consumption with phyaolc^cal amounts of insulin: +0,21 
Hepatic retention with complete lack of insulin: approximately —0,69. 

In that case, the final figures given in tables 2, 3 and 4 riiould be r^laced as 
follows (table 5). 

It is clear that these corrections do not affect at all our main conclusioDS. In* 
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deed, they appear to provide corroborative evidence in favour of a prevalent 
action of inmiHr on the liver. From the comparison which has been drawn be- 
tween our results and those of Cherry and Crandall and of Soskin et al., it appears 
that, through extirpation of the liver, the amount of ^ucose disappearing in the 
peripheral tissues under the action of physiologically secreted insulin is almost 
doubled. As the relation between the amount of glucose consumed under the 
influence of insiilni and the amount of insulin present in the animal is represented 
by a typical saturation curve (Bouckaert, De Nayer and Krekels (4) (6)), it 
follows that the amount of ingnlin made available to the peripheral tissues by 
hepatectomy is more tiian doubled; in other words, that the liver normally re- 
tains the largest part of the insnlin secreted by the pancreas. As has been diown, 
this fraction is not merely retained by the liver to be destroyed, but exerts a 
powerful action on this organ. The possibility r^nains, all the same, that the 
liver may also intervene in regulating tiie blood-sugar level, by allowing more or 
less ingnlin to readi the peripheral tissues. 

e. The final fate of glucose disappearing under insulin action. A general answer 
to this qu^tion can easily be drawn from the results obtained in our laboratory 


TABLE 5 


XJiSU 

AKOtnnS 07 DTBOUK ACXIVB 

OLTICOSE ZITS4P! 
XH£ xMELirma 

Liver 

■EAXDtOUKnKB 

atxmmatoi 

Peripharal 

tinuea 

lAno: HBPAXIC 
ACXtOH/PSKIFB' 
SKAX ACaON 

II 

Excess (moxiinal — physiological) 

+1,91 

+0,19 

10 

in 

Physiological 

+0,48 


4 

IV 

Total maximal dose 

+2,39 
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by Bouckaert and Strieker (3) in 1924 and by Lamers (38) in 1926. Bouckaert 
and Strieker have measui’ed by direct calorimetry the heat production of 
rabbits receiving glucose and insulin and observe a maximum rise of 10 per cent. 
Lamers, using indirect caloiimetiy’, has measured the total heat-production and 
the re^iratoiy quotient of rabbits in the same conditions. According to his 
results, the basal metabolism suffers only slight variations but there occurs a de- 
finite rise in R.Q., approaching unity. From these data, the total amount of 
carbohydrate oxidiaed can be derived. 

The experiments were performed before the method of compensation was 
standardized; in some the ^ucose was administered subcutaneoudy, in others 
intravenously but a precise measure of the quantity which had disappeared was 
not available. Luckily, in a number of those experiments, supeivmaximal doses 
of insulin were used and the ^caemic curve is contained within physiological 
limits; from the data obtained subsequently by Bouckaert, De Nayer and Krekels 
(4) (6), we know the exact amount of glucose which has (fidiippeared under those 

coruhtions and can now compare this amount with the amount oxidized. 

This comparison has been done recently in a paper by Bouckaert and De 
Nayer (1945) (7) and leads to the condusiQn that only 60 per cent of the total 
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amount of glucose taken up in aU the tissues has been oxidized. We must assume 
therefore that the other half has been stored under form of r^erve substances, 
probably by oxidative synthesis. But, as the rise in glucose oxidation is not 
associated with a corresponding rise in total metabolism, it follows that an equiv- 
alent amoimt of protem and fat must have been ^ared as a result of the oxida- 
tion of the fiist half. 

If we assiunc that a quantity 2 A has disappeared imder insulin action, the final 
fate of this quantity may be gathered from the following data: A will be oxidized 
but the enei'gy yielded by this reaction will be stored as chemical energy by the 
paring of an equivalent amount of r^rve substances; a further quantity a 
A will also be oxidized and the energy yielded will serve for the conversion of the 
re m ai nin g quantity (1 — a) A into reserve substances. Therefore, for every 
loss of glucose there is a corresponding gain of reserve substances, either spared 
or newly formed, and we may conclude that when glucose disappears under insidin 
action the main result is the conservation and possibly the synthesis of reserve sub- 
stances. 

A more detailed description of the processes involved raises four questions: 

1. What are the reserve substances, which are spared or synthesized as a re- 
sult of glucose disappearance under insulin action? The most important one is 
certainly glycogen. From the value of the R.Q. of the fasting animal, we deduce 
that part of its caloric requirements is furnished by direct oxidation of carbo- 
hydrate; this carbohydrate is almost exclusively present under the form of glyco- 
gen. When glucose is given along with insulin, this part of the caloric require- 
ments is now met by the oxidation of glucose and an equivalent part of glyco- 
gen is spared. Moreover, many experiments diow that glycogen is also newly 
formed when sufiicient quantities of glucose and insulin are given. But the spar- 
ing action does not stop at glycogen and affects also fat and protein oxidation; 
otherwise a rise in R.Q. would not occur. And th^e is good evidence that, in 
certain conditions, fat and protein will not only be spared, but also be newly 
formed, when great amounts of glucc^ disappear und^ insulin action. 

2. Do these results fit in with an ^sentiolly hepatic theory of insulin action? 
They definitely do so, for it will be remanbered that the normal peripheral re- 
quii'ements are met mainly by glucose present in the blood. This glucose is pro- 
vided, in the fasting animal, by formation from glycogen, protein and pebbly 
fat, which tak^ place in the liver. Therefore the sparing action affects chiefly 
hepatic metabolism, wh^ glycogenolytis and glyconeogenesis will be strongly 
inhibited, and it follows naturally that the main site of synthetic processes 
will also be the liver. Of course, peripheral metabolism will be influenced os 
well, especially ‘by the smaller doses of insulin: this action will affect muscular 
glycogen reserves and peripheral stores of fat and protem. 

3. Does the great amount of experimental work devoted to this subject sup- 
port this theory? As we have pointed out before, many of the results obtained 
by different authors are contradictory, so that, taken tc^ether, they furnish in- 
sufi&cient evidence in favour of any theory of insulin action. It can be ^own, 
however, that these contradictions are only apparent and are mainly due to differ- 
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ences of technique leading to erroneous interpretations. We can only deal very 
briefly with this important aspect of the problem, referring for further details 
to the work of de Duve (27), already mwitioned, in which the former literature 
has been critically examined and reinterpreted. 

It will be dear by now that the blood-sugar level plays the most important part 
in this reinterpretation, first of all, consideration of its importance allows the 
discarding of all experiments where majked hypoglycaemia has been provoked 
by insulin, insufficiently compensated with glucose, for the results obtained in 
those experiments are partly due to hormones antagonistic to insulin, such os 
adrenalin, diabetogenic pituitary factors, cortin, etc. This group will be found to 
comprise most of the experiments in w-hich “diabetic” phenomena have been 
noted to occur after injection of insulin or in which the normal effects of insulin 
have failed to occur, for instance : those in which either no rise or a lowering of the 
R.Q. has been noted, those in which either no decrease or an increase in nitrogen 
excretion, or in ketogenesis and fat catabolism, have been observed, etc. De- 
creases in liver glycogen also chiefly occur in hypt^ycaemio animals; this ques- 
tion has already been dealt with (see “The so-called glycogenol 3 rtic action of 
insulin”, p. 42). 

The question of blood-sugar level also intervenes in the interpretation of a 
second group of experiments, namely, those in which equal quantities of glucose 
are given to animals, one half of which are subjected additionally to an injection of 
insulin. Comparison of the results obtained on the insulinised animals with 
those observed on the non-insulinized animals frequently enforces the conclusion 
that addiHan of insulin does not lead to a greater formation of this or that sub- 
stance than is produced by the glucose itself. Curiously enough, most authors 
have failed to note the important significance of this conclusion. If both the 
insulinized and the non-insulinized animal receive the same quantity of ^ucosc, 
it is clear that in both animals the same quantity of glucose will have finally dis- 
appeared from the blood-stream into the tissues. If therefore a greater quantity 
of it is not found under one specific form, this only shows that insulin docs tiot 
favour one jtalh of disajypecurance againM the other, hvt treats all paths of disappear- 
ance alike. The one great difference between the insulinised n-nimaT and the non- 
insulinized animal Ues in the difference in hlood-sugar level at which the disappear- 
ance of the same quantity of glucose takes place along the same paths. If the 
same ^eriment were performed in similar conditions of glycaemia, a greater 
quantity of ^ucose should have to be injected to the insulinized anirng.) to main- 
tain a blood-sugar level identical to that of the non-insulinized animal; the auto- 
matio infeence of the glycaemic difference would then be eliminated and an 
incw^ in l^e formation of the substance studied with respect to the non-in- 
sulinized animal would indeed be noted. 

Such resists are extremely interesting, because thqy tend to show that the fate 
of glucose Appearing under insulin action is not different from &ie fate of glucose 
disappearwij vnder the automatic influence of an increase of its concentration in the 
Hood, vihatever fhe quantity of insulin cwaildble. This fact is confirmed by the 
many experiments, in which the effects of ^ucose itself have been studied; it is 



THE ACTION OE INSULIN 


55 


well known that provoked hyperglycaemia leads to an increase of the R.Q. and 
of hepatic and muscular glycogen reserves, exerts a sparing action on fat and 
protein catabolism and even furthers the synthesis of those substances. All these 
actions can be also attributed to insulin. Further confirmation is furnished by 
the experiments carried out on diabetic animal a and showing that all the meta- 
bolic processes known to be furthered by inHiiliri can be promoted without mmiliTi 
being present, provided the blood-sugm* level is sufficiently raised. 

It becomes easily understandable hereafter why experiments performed on 
hypoglycaemic animals have fumi^ed such mMeading r^ults. In a first stage 
of these experiments, insulin will promote the disappearance of the amall quanti- 
ties of glucose present in the blood-stream, creating hypoglycaemia; in a second 
stage, a stimulation of hepatic glycogeneris will take place under the infiuence of 
the blood-sugar raising factors secreted through reflex reactions against hypogly- 
caemia; glucose will then be secreted into the blood-stream and will be further 
metabolized under the influence of insulin in the tissues not involved in the an- 
tagonistic reactions, that is: mainly in the extra-hepatic tissues; the firia.! result 
will be an elective furthering of peripheral consumption, frequently combined 
with activation of hepatic glycogenesis. The results mi^t have been different 
if insulin , had proved to be an activator of one specific reaction of glucose metab- 
olism, such as glyccgen synthesis, for instance, but we have seen that this is not 
the case. 

Once these important facts are made dear, the interpretation of apparently 
conflicting results presents little difficulty and all experiments which are not 
open to s imi la r criticism are found to agree with the theory expounded above. 
In a few cases, the problem is less simple and some results remain difficult to 
explain. Some of thrae are due, as has been shown above, to the presence of a 
glycogenolytic substance in certain samples of insulin. Another instance of 
them is furnished by the recent results of Britton and Cor^ (9) (12), in which it 
is stated that cortin, but not insulin, promote the synthesis of hepatic glycogen. 
We have expounded dsewhere why we do not think thdr results with insulin to 
be condusive (24) (27) and only wish here to emphasize the fact that cortin, as 
well as anterior pituitary extracts, further gdyoogoi synthesis by furthering 
glyconeogen^, and perhaps also by activating pho^horylase (Verzar), while 
m a u liTi promotes ^ycogen formation in the liver by increaGdng the total amount 
of glucose taken up by the liver from the blood-stream. As a result of this, 
an increase in hepatic glyo<^ea will be best obtained by the combined action of 
ins u lin and of cortin or anterior pituitary extract, for glycogen will be the only 
form under which the glucose taken up by the liver from the blood-stream as 
wdl as that produced in the liver from protdn and fat can be stored. This has 
been condusivdy proved by Marks and Young (47) and by Loubatidres (42).. 
But there is no reason why excessive stimulation of glyconeogenens (by cortin} 
should not further glycogen formation either in the fiver of pancreatectomized 
animals or in the perfused liver; on the other hand, mhibition of glyconeogenesis 
(by corticectomy) may altei’ the fate of ^ucose taken up by the liver under in- 
sulin action by favouring the paths leading to protein and fat against that leading 
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to glyec^en; this will particularly be true if Verzar’s theory be confirmed, as 
glycc^en synthesis w'ould then itself be impaired. 

4. Finally one may w'onder how insulin promotes glucose disappearance and 
create such complex metabolic choices involving fat and protein as well as 
carbohydrate metabolism. To answer this question, it is necessary to outline 
briefly the theory of insulin action which will be further expounded at the end of 
this paper. 

This theory is based essentially on the aTialogy existing between the effeda 'pro- 
duced either by an increase in the blood-sugar level without addition of insulin or by a 
discharge of insulin 'without variation of the blood-sugar level 

In both cases, as is shown by a comparison of the results of Bouckaert, De 
Nayer and Krekela (4) (5) with those of de Duve and Bouckaert (19), a surplus 
of glucose disappears from the blood-stream. In both cases, as may be inferred 
from our own results (20) compared with those obtained by Soskin, AUweiss and 
Cohn (57), Soskin, Essex, Herrick and Mann (59), the main site of this disap- 
pearance is the liver, only a relatively small fraction of the total amount disap- 
pearing in the extra-hepatic tissues. In both cases finally, as it has just been 
shown, the final fate of the glucose disappearing is the same. 

The question stated above can therefore best be answered by identifying first 
the mechanism by which the concentration of glucose itself promotes its own dis- 
appearance. It will be remembered that this relationship is independent of all 
neuro-hormonal control and must be due to the biochemical properties of the 
tissues involved. The law of mass action, applied to the initial reaction by which 
^ucose enters the metabolic processes, provides an adequate explanation of this 
phenomenon. Indeed, this initial reaction may be represented by the equation : 

Glucose (+ A •••)-♦ X 

and its vdocity will be increased by an increase in glucose concentration. 
But this will lead to an increase in the concentration of X, which in its turn will 
increase the vdocity of its disappearance, and so on. By virtue of the law of 
mass-action, the increase in glucose concentration will finally acederato the 
whole chain of metabolic reactions conditioning its disappearance. Moreover 
its final fate wifi, be different in different tissues, according to the biochemical 
potentiahties of each tissue. Musde tissue, for instance, will mainly oxidise 
glucose and convert it into glycogen, fatty tissue will ssmthesize fat out of it, etc. 

In addition to this, the paring action of glucose on protein and fat must also 
be m^toed. A possible explanation may be fumidied hy the fact that glucose 
and its immediate derivates have greater redudng powers than most metabolic 
substances and are therefore more easily oxidizable. 

In the presence of a limited supply of oxygen, the oxidation of glucose would, 
for that reason, be privileged against that of other substances, and the sparing 
action of glucose would be nothing but a consequence of the fact that, in most 
cas^ fat and protein are oxidized in the cells only when oxygen is rendered avail- 
able by relative scarcity of glucose. Such an inteipretation, coupled with the 
notion of “biochcTTwcol ineHia” empharized by Sodrin and Mirsky (68) will be 
found to afford a satisfactoiy explanation of the gradual dufting of metabolism 
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to protein and fat, brought about by inanition or low carbohydrate diets, and of 
the enhancing effect of rich carbohydrate diets on glucose tolerance. Variations 
of the hormonal balance are of course also involved in these processes; what we 
wish to point out is that they are not the only factor responsible for them. 

If this inteipretation of the automatic effect of glucose concentration on glucose 
consumption be accepted, it follows necessarily from the similarity between this 
effect and the action of insulin, that insiilin must produce the same primary re- 
sults as an increase of the blood sugar level. In other words, inRiilin must also 
accelerate the initial reaction by whidb glucose enters the metabolic processes 
and must therefore be an activator of the enzymes responsible for that reaction. 
Such an explanation would account for all the phenomena* which are to be attrib- 
uted to insulin action. In particular, it would explain how insulin allows ghwose 
to exert its mvltiple effects on hepatic and peripheral metabolism, at lower concentror 
lions than would otherwise be necessary. 

This theory can be tested by examining whether the substance X of the equa- 
tion is effectively formed in greater quantity under the influence of insulin; in 
other words, by determining the immediate fate of glucose disappearing under 
insulin action. 

f. The immediate fate of glucose disappearing under insulin actionJ^ We have 
intentionally represented by the symbol X the first substance into which glucose 
is conveiied in the tissues, because the nature of this substance is not known wiih 
certainty. According to one school, led by Pamas, it is glycogen; other authors, 
with Meyerhof, identify it with hexose-monopho^hate. Both alternatives have 
been considered in our laboratory in connection with insulin action. In 1932, De 
Nayer (17) determined the amount of glycogen present in two homolc^ous 
muscles of rabbits, whose n. ischiatici had been previously cut to prevent muscu- 
lar contractions, one muscle being taken before, the other after an injection of 
insulin adequately compensated by a continuous infusion of glucose. He has 
found that, although super-maximal doses of insulin were given, there was no 
increase but also no decrease (sparing action) in muscle glycogen, as long as the 

‘ But one. See later : i) The action of insulin on protein metabolism, p. 66. 

Tlic authors wish to make it clear that when this paper was sent in for publication, the 
later American literature was not yet available in Belgiiun. Even though some of the 
facts and theories discussed m these later chapters may now appear obsolete in the light 
of the recent findings on glucose phosphorylation by the Coris and their co-workers, they 
have preferred not to alter the original text in view of the material difficulties it would 
involve, and to go on stating the case as they were able to make it out under the conditions 
of enforced isolation imposed by the war. 

Mention must at least be made of the recent announcement made by Price, Colowick 
and Gori (J. Biol. Chem. 160 : 633, 1045) that insulin is capable of reactivating “in vivo” 
and “in vitro” musole hexokinase previously inhibited by anterior pituitary extract. Al- 
though this important observation affords only a partial explanation of the action of in- 
sulin, it constitutes the first definite step towards the elucidation of its biochemical mecha- 
nism. It also confirms the conclusion drawn from our own results that insulin must act 
as an activator of hexokinase. As to the nature of this activation and of the part played 
by hexokinase, the new evidence brings nothing either to prove or disprove the tentative 
explanation put forward in this paper. 
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blood-sugar level remained normal. Only by increasmg the amonut of glucose 
^ven and creating hyperglycaemia, did he succeed in promoting further glycogen 
synthesis in the muscles. Here again, the importance of the blood sugar level 
and the superiority of the method of compensation show quite clearly, when the 
results obtained by De Nayer are contrasted with those achieved by other authors 
in similar experiments. 

Lately, de Duve and Hers (22) (25) have performed almost identical experi- 
ments, this time determining the amount of hexose-monophosphate. In the 
latter experiments, further precautions were taken and a control set of deter- 
minations was made on animals suffering the same treatment, but receiving an 
infusion of isotonic NaCl instead of glucose and insulin. A definite rise in the 
content of muscle hexose-monophosphate was observed in the insulinized animals, 
corre^onding to a major part of the glucose taken up by the periphery. 

This experiment, compared with that by De Nayer, may be termed crucial, 
both in regard to glucose metabolism and to the problem of in milin action. It 
shows that the substance X is hexose-monosphosphate, at least for the muscles, 
thereby confirming Meyerhof’s theory, and it proves that insulin promotes 
the reaction leading from glucose to hmcose-monphosphate, thereby confirming 
our theory of insulin action. The identity between the action of inRiilin and tho 
automatic effect of hyper^ycaemia is further demonstrated by comparing these 
results with those recently obtained by Ldipert and KeUersmann (40), who have 
shown that infusion of excess glucose leads to an increase of musde hexose-mono- 
phosphate, without affecting its content in glycogen. 

We have not effected a similar test on the liver, the reason bemg tiiat compara- 
tive determinations cannot be made on the liver of the same animal, without dis- 
turbing the g^ycaemic balance. But ibere are good reasons to believe tibat the 
uptake of glucose by the liver also occurs through phosphorylation. We know, 
for instance, that adrenalin strongly antagonize the action of ingiilm and it has 
been shown that adrenalin acts on pho^hoiylative processes (see p. 68). Ac- 
cording to Leipert and KeUersmann (40), absorption of glucose iTinrftftflffl iio con- 
tent in esterified phosphorus of the liver; there is a good chance, consequently, 
that insulin does the same. Colowick, K^okar and Cori (1941) (11) have shown 
^uoose pho^horylation to take place in hepatic extract and have made a de- 
tailed study of this reaction (see p. 60). Finally, recent experiments by Kaplan 
and Greenberg (1944) (33) (34) (36) show that glucose tolerance is directly re- 
lated to the amount of adenosine-tripho^hate present in the liver and that boib 
glucose and i ns u lin increase this amount. As will be seen, adenosine-triphos- 
phate plays the leading part in glucose pho^horylation. 

^ It can reasonably be assumed, therefore, that the immediate fate of glucose 
disappearing under insulin action is to be converted into hexose-monophosphate, 
in tiie liver as well as in the muscles and other tissues. 

g. General theory of insulin action. It may be useful, at this stage, to regroup 
the various facts diwussed unlal now and to show briefly how they serve to sup- 
port the theory of insulin action put forward in this paper. This section may 
be considaed as a summary of the previous ones. 
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I. The most important fact which must be kept in mind is the important part 
played in blood-sugar regulatory processes by the blood-sugar level itself. The 
blood-sugar level regulates glucose consumption and production in the tissues 
both directly and indirectly. 

1. By virtue of the law of mass action, the velocity of the reactions which con- 
dition ^ucose consumption is increased by a rise and decreased by a fall in blood- 
sugar level. Consequently, blood-sugar consumption is directly related to tho 
blood-Bugai’ level, independently of aU neuro-hormonal processes, and this re- 
lationship has been shown to be linear within a range of glycaemia not too far 
removed from its normal value. 

2. Hyper^ycaemia provokes blood-sugar lowering neuro-hormonal reactions; 
hypoglycaemia stimulates blood-sugar raiang neuro-hormonal factors. 

II. Application of these principles to experiments concerned with the action of 
inmilin leads to the important conclusion that variations in the blood-sugar level 
may considerably affect experimental imilts: 

1. Hyperglycaemia may amulate the action of insulin, by automatically pro- 
moting glucose disappearance. 

2. Hypoglycaemia will strongly antagonize the action of insulin, not only by 
the resulting automatic decrease in glucose consumption, but also by stimulation 
of antagonistic factors such as the orthosympathic system, adrenalin, cortin, 
anterior pituitary hormones, etc. 

Consequently, all experiments where marked hypoglycaenia occurs should be 
discarded, as the results furnished by them are compound actions of insulin and 
of antagonistic factors. Moreover, in all experiments which are not liable to 
such criticism, the automatic influence of blood-sugar variations must be taken 
into account, tither by nRing a method in which all the animals are maintained, 
at the same, preferably normal, blood-sugar level by a continuous infution of 
glucose, or by redudng mathematically the results obtained to the same ^y- 
caemic level. Both th^e methods have been described and extensivdy used by 
us. 

III. As a further precaution, the brand of insulin used in the experiment must 
be tested for the presence of a blood-^gar raiang impurity, endowed with strong 
glycogenol 3 dic properties. As we have been able to show, the use of such like 
insulin may lead to gross experimental errors. 

IV. By vping a method in which all these conditions are fulfilled, we have been 
able to demonstrate conclusively the existence and the primary importance of 
the hepatic action of insulin. Whatever the quantity of insiilin ad minis tered, 
considerably more ^ucose disappears in the liver than in the other tissues under 
its influence. An excess of inpiTlm which does not further promote peripheral 
glucose consumption, is still capable of furthering gluc(^ retention by the liver. 

V. The great number of conflicting results obtained with insulin is mainly due 
to neglect of the blood-sugar level. Proper reinterpretation of those experiments 
blimioates most discrepancies and allows the fate of ^ucose disappearing under 
insulin action to be accoimted for satisfactorily. It becomes quite dear that, of 
the actions investigated, iTiflidiTi produces no metabolic changes other than those 
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produced by the glucose itself : a rise in R.Q. occurs, associated with, a negligible 
rise in total metabolism, thereby showing that if more glucose is oxidized, it is 
only utilized instead of other substances, glycogen already stored, fat and pro- 
tein; when great amounts of glucose disappear, this sparing action is prolonged 
by new formation of glycogen, fat and protein. On the whole, when an excess 
of glucose disappears under insulin action, this glucose is stored as equivalent 
glycogen, fat and protein, either spared or newly formed. The real action of 
insulin is to allow glucose to exert similar actions at lower blood-sugar levels 
than would otherwise be necessary. 

The proximate fate of glucose disappearing in the tissues, whethor under 
the action of instilin or not, is converaion into hexose-monopho^hate. 

^TI. There is a strong analogy between the effects of an injection of in sulin 
associated with a normal blood-sugar level and those of an increase in tho blood- 
sugar level without charge in the insulin supply. In both cases, an excess of 
glucose disappears, mainly in the liver, secondarily in the muscles and other 
tissues, is converted into hexose-monopho^hate, which, in its turn, is partly 
oxidized, thereby sparing an equivalent quantity of glycogen, fat and protein, 
partly converted by oxidative synthesia, into glycc^en, fat and, evaa to a cer- 
tain extent, protein. 

VIII. The effects produced by an increase in the concentration of glucose can 
only be explained through the fact that, by virtue of the law of mass-action, 
more ^ucose is converted into hexose-monophosphate. All the metabolic 
changes observed may be considered as necessary consequences of this primary 
change, the two ma i n factors involved being a successive furthering of the whole 

of metabolic reactions concerned in glucose metabolism (moss effect), 
and the privileged oxidation of hex(^e-monoph(^phate and its derivatives, 
as compared with less oxidizable substances, such as fat and protein. 

IX. We are finally led to conclude that in.q^i1in must act on the pftTnp primary 
reaction and in the same way os an increase in the concentration of ^ucoso, and 
must therefore increase the vdlocity of this reaction. Tupt il j n thereby appears 
as an activator of the enzymatic system concerned with glucose phosphoiylation 
in the tissues, and this action of insuhn is in itself sufficient to account for all 
metabolic changes which appear to be a consequence of its infiuence (except ono: 
see later i, p. 66). 

h. The hwchemuxi Tnechcmism of insulin action. So far, we have been ablo to 
trace down the biochemical point of attack of msulin to the enzymatic system 
resp(^le for ^ucose pho^horylation in the tissues. If we want to probe fur- 
ther into the intimate mechan ism of insulin action, our first concern must be to 
gather naore particulars about the mechanism of ^ucose pho^horylation itself 
on one side, and about the biochemical properties of insulin on the other side, 
and to see whether and how both can be recontiled satisfactorily. 

Luckily, the phosphorylation of glucose, together with other important phos- 
phocatalytic processes, has been extenavely studied, especially in later years. 

It was first ^ to take place in yeast cells, but its intervention in the metabolism 
of ma mmalian tissues was long in doubt; more recently, however, the occurrence 
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of direct esterification of glucose into hexose-pfiosphate has been observed 
by a number of authors on a great variety of aniTna.1 tissues and even in cell- 
free extracts of liver, brain, and heart-tissue; it has been subjected to a close 
study particularly by the Coris and their co-workers (Colowick, Kalckar and 
Cori (1941) (11)). 

The findings made on yeast-cdls and on animal tissues furnish dosely similar 
r^ults and enable a provisional picture of this reaction to be drawn. 

There is no doubt that the main reaction consists in an exchange of phosphate 
between adenosine-tripho^hate (ATP) and glucose, through which glucose is 
converted into hexose-monophosphate, ATP into adenosine-diphosphate or 
adenylic acid. But the complete process is more complex. 

Already the early experiments of Meyerhof on yeast-metabolism have shown 
that yeast-extract loses very quickly the capacity of utilizing glucose, although 
it shows no loss in its power to metabolize starch or glycogen. Similar finding a 
have been made on mammalian tissues. Isolated muscle or liver tissue becomes 
rapidly inactive towards glucose, while retaining its capacity to break down 
glycogen; musde-extract, though endowed with unimpaired glycogenolytic 
properties, does not in the least attack ^ucose; and it is only lately that it has 
become possible to prepare cell-free extracts of certain organs, capable of phos- 
phorylating glucose “in vitro.” 

All these findings tend to diow that glucose cannot be phosphorylated as such, 
but must first be brought into an active state, before becoming vulnerable to the 
phosphoiylating system; they also seem to indicate that the systems re^onsible 
for this activation are of a very fragile nature. This assumptimi has been con- 
firmed by Meyerhof, who has isolated from yeast-cdls a ^stem capable of re- 
activating inactive yeast-extract and to which he has given the name “Aezo- 
kinase;” a similar S}^stem has been shown to exist in fredi musde-extract by 
Ablgren, who has christened it ‘^glyamviinf' an analogue of hexokinase has been 
isolated latdy from brain-tissue by Ochoa (63). Neverthdess, no explanation 
has been yet proffered as to the nature of this “activation”, which the molecule 
of glucose is supposed to imdergo. 

The follo^ving hypothesis, based on the reactions conditioning glycc^en break- 
down in the musdes, has been put forward by one of us (27) to account for it; It 
will be remembered that the first reaction occurring in ^cogen breakdown is a 
fixation of inorganic phosphate on glycogen (phosphorolyds), giving birth to 
glucopyranose — ^I. phosphate (Cori-^ter). Hexose-monophosphate is further 
transformed into hexose-dipho^hate by receiving one pho^hate group from 
ATP (pho^horylation) . This second reaction is very similar to the one through 
which ^ucose is pho^horylated, and it is to be noted that Cori-ester, which has 
the same structure as blood-glucopyianose, is no more able than ^ucose to react 
as such with ATP. It must previously be converted into fructo(furanose-6- 
phosphate (Neuberg-ester). We may therefore, with Pamas (65), define the 
conditions of vulnerability of hexose-monophosphate to ATP as the following: 
the n^ative group must be attached to carbon 6 and carbon 1 must be set free 
under the form of a primary alcohol function by a ch an g ing of the pyranio into a 
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furanic cyde. It may be reasonably assumed that similar changes will have to 
take place inside the molecule of glucopyranose, prior to its pho^horylation by 
ATP; in that case, active glucose would prove to be fructofuranose, the action of 
hexokinase or glycomutin would be a temporary fibiation of glucose by its carbon 
6 associated to a r^ouping of its pymnic cycle into a furanic one, and the first 
product of glucose phosphorylation would be fructo-furanose-l-phosphate (Robi- 
son-Tanko ester) . It is to be noted that this ester has recently been isolated from 
the liver of rabbits by Pany (54). This hypothesis would explain also why fruc- 
tose is more easily pho^hoiylated than ghicose, and would account for the fact 
that the presence of an active form of glucose in the blood has been inferred 
mainly from experiments showing that the optical activity of blood glucose was 
inferior to the value calculated from its reducing power. 

Activation of ^ucose is not the only condition necessary to render glucose 
phoi^hoiylation posdble; all the authms who have studied this reaction agree on 
the necessity for simultaneous oxidative processes, acting on a variety of sub- 
strates, amongst which pyruvic acid seems to be the most prominent one. Co- 
zymase appears to play an important part in this oxidation. One may wonder 
with what particular stage of the reaction the oxidation of pyruvic acid is coupled. 
It is very improbable that it would be pho^horylation itself, as splitting of ATP 
is highly exothermic in itself. Two alternatives remain, which have been 
advocated: 

According to Kaplan and Greenberg (1944) (33) (34) (35), the energy supplied 
by the oxidative process is used for the buildi^ up of ATP. The rate of phos- 
phorylation of glucose being directly rdated to the amount of adenosine-phos- 
phates available, it would be indirectly dependent on the intensity of the oxidtv* 
tions conditioning their synthesis. If we accept this theory we must assume that 
glucose can also be oxidized without being phosphorylated and that this oxidation 
can catalyse the synthesis of ATP, which in its turn will promote ^ucose phos- 
phorylation. Otherwise, the increase in liver ATP observed by the authors after 
a dmini s trration of glucose cannot be explained. Indeed, the experiments bv 
Colowiok, K a l c k a r and Cori (11) seem to support this assumption, for they start 
with free adenylic add; the primary process in these experiments must neces- 
sarily be the building up of ATP. 

On the other hand, there is little to show that Rmmlar processes occur **in vivo,** 
where ATP syntheds seems to be corrdated with the breakdown of hexo8e-pho*B- 
phate rather than of glucose and can occur, as has been clearly pointed out by 
Xeedh^ (49), at two different stages of this breakdown. As is well known, 
adeaylic acid by reacting directly with pho^hopyruvio add, is rephosphorylated 
and regenerates ATP ; but the oxidative formation of pho^hopynivic acid itsdf , 
or rather of pho^hogjyceric add, from triose-phosphate, is also coupled with 
resyntheds of ATP, from ADP and free phosphate this time. The recent find- 
ing of Wtohurg and Christian (63) and of Negdein and Brdmel (50) (51), explain 
this coupHng, showing that phosphoglyceraldehyde takes up one more pho^hate 
and that the dipho^ho^yceric add, formed by oxidation of dipho^ho- 
gbrce»lddQrd, subsequently abandans one pho^hate group to ADP, converting 
iti to .A.7 jP* 
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An interMting fact emerges from these considerations, namely, that hexose- 
diphosphate breakdown can catalyse the sj^nthesis of more adenosine-phosphate 
than is consumed by its own formation out of glucose. The results of Kaplan 
and Greenberg can therefore be as eaaly explained by assuming that gynthesds of 
ATP is not prior to glucose phosphorylation but is a consequence of it, through 
being promoted by the further breakdown of hexose-pho^hate. The latter ex- 
planation must indeed be true for the muscles, for it has been shown by Leipert 
and Kdlersman (1941) (40), that the accumulation of hexose-monopho^hate 
occurring in the muscles after absorption of glucose goes together with a corr^- 
ponding loss of ATP. The fact that, in the liver, hexose-phosphate and ATP 
both increase, might be considered as evidence in favour of Kaplan and Green- 
berg’s theory but it could also be interpreted as a sign that hexose-phosphate is 
much more rapidly consumed in the liver, which is indeed the case. For we 
know that glucose is much more rapidly utilized by the liver than by the muscles. 
Even so, it is not possible to discriminate between both theories, for the advocates 
of the former might aigue that this superiority of the liver is precisely due to the 
fact that liver tissue possesses more ways of building up ATP than muscle tissue. 

If we accept the second alternative, that ATP synthesis is only promoted as a 
result of hexose-phosphate breakdown, we must find another explanation of the 
coupling of glucose phosphorylation with pyruvic acid oxidation. This can 
satisfactorily be done by relating the oxidative process to the prdiminary activa- 
tion of glucose. Activation of a molecule conmsts in the bringing of this molecule 
to a higher energetic level and must necessarily be endothermic ; a coupling of the 
kind we surmise appears therefore &b a necessity. Moreover, if it be assumed 
that hexokinase or glycomutin work in conjunction with oxidizmg systems, their 
natural fragility is easily explained. 

In short, our actual knowledge concerning ^ucose phosphorylation allows us to 
distinguish in it 4 different steps: 

1. Adsorption of glucose on glycomutin. 

2. Activation of the adsorbed glucose by glycomutin, possibly by conversion 
into fructo-furanose. 

3. Phosphorylation of the activated glucose by ATP. 

4. Oxidation of various carbohydrate derivates, principally of pyruvic acid, 
coupled either with ATP synthesis or with glucose activation. 

It is remarkable that an action of insulin on each of these four stages has been 
described. 

Let us consider first tiie action of insulin on the last of these steps. Early ex- 
periments by Polonovski and his co-worlsers have shown a lowering by insiilia of 
the total amount of intermediate carbohydrate derivates present in the blood. 
In 1940, activation by insidin of pyruvic acid disappearance was observed mmul- 
taneouriy by von Euler and Hogberg (28) and, in our laboratory, by Delrue and 
De Kqyser (16). Various biochemical experiments have also furnished corrobo- 
rative evidence of an intervention of insulin in the oxidation of carbohydrate by- 
products. On the other hand, insulin has long been suspected of being an acti- 
vator of specific cellular oxidation, from the fact that its potency is dependent on 
the number of disulphide bonds present in its molecule. It is well known that 
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reduced insulin is totally inactive. A parallel was quickly drawn with glutathione 
and the natural inference was that insulin could act as hydrogen carrier in cellular 
oxidations. 

These various facts appeared to fit in perfectly with the classical theory , in which 
the essential action of insulin is described as a furihering of glucose oxidation, 
and they even supplied a plausible explanation of this action. 

According to this “metabolic theory,** which has been advocated by Polonovski 
and by many other authors, the main action of inRiilin consists in an activation of 
intermediate carbohydrate oxidations and the intensified disappearance of glucose 
is a consequence of the metabolic “vacuum” thus created. 

There are two objections to a theory of that kind. In the first place, even 
though there is no doubt that insulin has a furthering effect on the oxidation of 
intermediate products of carbohydrate metabolism, it is clear that this general 
activity must be rdated to a highly specific object. Insulin can not be replaced 
by any other substance, though there are many which are known to activate 
intermediate oxidations. Glutathione, f or instance, does not act the same way a s 
insufin; on the contrary it seems to inhibit insulm action (Levine ct al. (1939) 
(41), possibly because its disulphide-groups take the place of those of insulin and 
further simil a T processes without, however, co-ordinating them with a speoifie 
system, as insulin does. It must be remembered also that integrity of the disul- 
phide-groups is not the only condition of insulin activity. We must conclude 
therefore that the action on intermediate metabolism is only one aspect of 
insulin action,* though it is ^sential in many ways, it is not specific in itrf but 
appears rather like a means through w^hich inmilin exerts its specific activity. 

In the second place, if we assume the furthering action on oxidations to be the 
primary action of i nsulin , then we must admit that insulin promotes blood-sugar 
disappearance by creating a negative gradient of glucose. But, in that case, 
there should be a decrease not an increase in hexose-pho^hato after insulin and 
the s i milar ity between the effects of insulin and those of hyperglycaemia becomes 
difficult to explain. This similarity as well as other experiments which will bo 
ment ioned below ^ow that it is the other way about and that insulin creates a 
poative gradient of glucose. When insulin is given, glucose does not disappear 
more rapidly because room is made for it, but because more can bo stuffed into 
the same room. Of course during prolonged action, further accumulation of the 
primary products of glucose absorption will be facilitated by the decongestioning 
effect of the metabolic action. 

Kow that we know that oxidation of byproducts of carbohydrate metabolism 
is a necessary adjunct of glucose phosphorylation, all these difficulties vanish and 
t^ specific action of insulin is readily identified. What characterizes insulin and 
differentiates it fr^ other unspecific activators is that it has the additional 
properly of directing the energy it helps to set free, towards a strictly specific 
end: glucose phosphorylation. Whether it does so by furthering ATP syntheas 
or by g^lucose activation remains to be seen. 

To discriminate between these two alternatives, we can apply the pn.mA reason- 
ing as before. If the primary action of insulin is to promote oxidative synthesis 
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of ATP, then it must fuiiher glucose absorption by promoting indii*ectly the 
phosphorylative disappearance of activated glucose and thus Tna-ldTig extra room 
for more glucose to occupy. On the other hand, if inCTilin promotes the activa- 
tion of glucose itself, then it must increase the amount of activated glucose pres- 
ent in the tissues. Experimental evidence seems more in favour of the latter 
alternative. 

It will be remembered that quite a number of early experimental results have 
been alleged in support of a theory commonly known as the ‘‘permeability theory.'* 
According to this theory, which rests mainly on results obtained by Loewi and 
other authors on blood-cells and blood-vessel tissue, the action of inaiilin consists 
essentially in a furthering of the adsorption of glucose on the surface of the enzy- 
matic structure responsible for its ulterior metabolism. In anothei' theory also 
advocated by some authors on the faith of experimental evidence, ingnlin is said 
to favour the conversion of ordinary, stable dextro-rotatory ^ucose into a labile, 
more levo-rotatory form; in other words, to promote glucose activation. It is 
true that both these theories have been severdy criticized and that the evidence 
on w'hich they are based has been shown to be inconclusive. It must be noted 
how’ever that opposite changes have never been asserted to occur and that later 
expeiimental results have since been added to thdr credit. 

For instance, a series of experiments by Soula and his co-workers diow that, 
when glucose is administrated, part of it is stored, as glucose, in the peripheral 
tissues, and is subsequently returned to the blood -stream; ioHiilin promotes thia 
storage. According to the authors this storage takes place in the intercellular 
fluid contained in the lacunar spaces (stockage lacunaire) ; but this phenomenon 
may be due as well to a reversible process of adsorption-activation. More recent 
experiments by Lundsgaard (46), however, do not confirm this storage, but they 
show that the acceleration of the transfer of glucose from the blood into the 
muscles cannot be duo to a lowering of the glucose concentration inside the 
muscle-cell, and must therefore be due to on active surface process. The ex- 
tenave work carried out by Thomas (61) (62) on the rotatory power of blood 
sugar must also be mentioned in support of the activation theory. 

Consequently, the only theory which seems to reconcile all experimental re- 
sults satisfactorily, is the one in which insulin is considered as an activator of the 
coupled processes of glucose activation and intermediate carbohydrate derivates 
oxidation. Indeed, if our first conclusion be accepted that insulin must neces- 
sarily act on the same reaction as does the blood-sugar level itself, in other terms 
on the initial reaction of glucose metabolism : 

Glucose —* X 

then we must nec^sarily accept the biochemical interpretation propounded, 
w'hich is nothing but the logical inference of the first, as X turns out to be nothing 
else but activated ^ucose. 

We may thei*eforo conclude that the main action of insulin appears to be an 
activation of a complex enzymatic system, for which we may retain the name 
“glycomutin.” This ^stem fixates blood glucopyianoBe and converts it to a 
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labile, less dextro-rotatory form, possibly fmcto-furanose; it borrows the energy 
necessary to this converaion from the oxidation of various carbohydrate derivates, 
particulaily of pyruvic acid. The activated glucose subsequently reacts with 
adenofdne-triphosphate and is transformed into hexose-monophosphate. 

The hexose-monophosphate formed may be either polymerised into glycogen 
or broken do^m into pyruvic acid. This breakdown is facilitated by the rupture 
of the chemical balance betw’een hexose-monophosphate and pyruvic acid, as the 
former’s concentration increases while the latter’s initially decreases. Moreover, 
hexose-monopho^hate breakdown is itself coupled with ATP i^theais. It 
follows that the amount of glucose which will be absorbed depends on the velocity 
of the subsequent breakdown of hexose-monophosphate, which favours it both 
by removing haxose-phosphate and by r^enerating ATP. This breakdown 
appears to be much dower in the musdes than in the liver. Finally, the pyruvic 
acid produced from hexose-phosphate ■will be mainly oxidized, this process in- 
volving a corresponding decrease in fat and protein breakdown, but will also be 
partly used, w’hen an exc^ of glucose is absorbed, for the ^thesis of fat and 
possibly protein. It wiU be noticed that insulin, by actmg as it do^, simultane- 
ously favours the removal of glucose from the blood-stream and the privileged 
oxidation of its final derivates, while the maximum velocity of glucose absorption 
under its influence depends essentially on the velocity with which hexose-mono- 
phoephate can be converted into those derivates through a chain of reactions 
which is not, apparently, influenced by insulin. 

It is possible that diiect oxidation of activated glucose as well as oxidation of 
other derivates may also play a part in the syntheas of ATP. In that case, a 
furthering action of insulin on these reactions might possibly also occur. 

i. Thf action of insulin on protein metabolism. As has been shown above, all 
the actions of i nsu lin appear to be satisfactorily interpreted by the theory just 
described. There exists however one action of inaiilin which seems to be inde- 
pendent of the others; it is an inhibition of protein hydrolysis, which has been 
demonstrated by the experiments of Lacquet, De Nayer and Bouckaert (36) (37). 

Cwnparison of their results with those published more recently by Mirsky 
(1938) (48) enforces a conclusion somewhat different from that originally dra'wn 
by the authors. In a first set of experiments, carried out on normal and on pan- 
createctomized dogs, they have confirmed the fact that the concentraUon of ami- 
no-acids in the blood is raised by pancreatectomy and decreased by insulin. In a 
second set of e3q)eriments, they have compared the blood-amino acid curve of 
do^ treated with i ns u lin with that of untreated animals, during continuous in- 
fusion of various amounts of glycine, and have observed that the mean blood- 
amino acid level was lowered by ms u lin in the animals receiving small amounts of 
glycine, but was raised by i n s u lin in the animals receiving moderatdy large and 
large amounts of "this amino-acid. 

These results 'tended to diow that, as long as the concentration of amino-acids 
in the blood "was sufi^ently low to allow'’ a certain degree of proteolysis "to proceed 
in ^ tissues, addition of insulin inhibited this process, but that, when the blood 
amino-acid levd became high enough to reverse the process and induce proteo- 
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synthesis in the tissues, the latter process was likewise inhibited by insulin. In 
other words, insulin appeared to inhibit both the hydrolysis and the synthesis of 
proteins. 

Bouckaert, De Nayer and Cassiiuan (1934) (6) subsequently showed that, even 
in the animals receiving small amounis of glycine, the blood amino-acid level was 
raised by insulin , when the blood-sugar levd was maintained by an additional 
infusion of glucose. These results served to emphasize a second action of insnlin 
on protein metabolism, really dependent on the disappearance of glucose, namely, 
a strong inhibition of deamination in the liver; as a result of this second action, 
the removal of amino-acids from the blood-stream is slowed down to such an extent 
that thdr concentration in the blood increases despite the simultaneous inhibition 
of peripheral proteolysis. 

The results obtained by Mirsky (1938) (48) confirm the existence of two in- 
dependent actions of insulin on protein metabolism, one of thm being an inhibi- 
tion of deamination in the liver, the other being an inhibition of proteol 3 rBis in the 
peripheral tissues. But some of the results he has obtained on eviscerated ani- 
mals are in complete disagreement with the condusion drawn by Lacquet and his 
co-workers that insulin inhibits proteo-syntheds as wdl, for they diow that 
insulin actually promotes the removal of ammo-acids from the blood-stream into 
the peripheral tissues. If we assume that insuhn exerts a similar action on the 
peripheral tissues of the intact animal, another explanation must be found for the 
fact that the concentration of amino-acids in the blood of the insulinized animal 
is nevertheless highm* than in the non-insulinized animal, when large amounts of 
glycine are provided. One explanation appears to be that the mfusion of addi- 
tional quantities of glycine affects the hepatic metabolism of the insulinized ani- 
mal in more or less the same way as the infusion of additional quantities of glu- 
cose, and enhances the inhibitory effect of insulin on hepatic deamination. It 
could be that only a small part of the glycine provided is deaminated and that the 
fui-thering by iosulin of the oxidation of its non-protein products is sufficient to 
account for a subsequent inhibition of the deamination of the remaining part. 
Another possible explanation is that insulin inhibits the removal df amino-acids 
from the blood-stream by the kidneys, for Mirsky’s expeiiments are carried out 
on nepbrectomized animals. 

Whatever the explanation may be, Mirsky’s I'esults appear to be quite conclu- 
sive and it must be accepted that insulin not only inhibits protdn breakdown in 
the peripheral tissues but promotes the building up of protem from amino-acids 
as well. This view is stroigly substantiated by many recent experiments carried 
out by Young, Gaebler and other authors, in which it is shown that the paring 
and building up of protein, which occurs imder the influence of anterior pituitary 
extracts, requires the presence of sufficient amounts of insulin. 

It is to be noted that the inhibition of hepatic deamination by insulin appears 
to be due largely to the disappearance of extra glucose in the liver, whereas the 
fuithering of protein synthesis in the peripheral tissues seems to be the result of a 
direct action of the pancreatic hormone on these tissues. The former action 
may, therefore, be taken as a consequence of the general action of insulin on 
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glucose metabolism described in the preceding section; the latter appears to be 
entii'ely independent of it. 

j. The antagonism between %nmlin and adrenalin. It has been shown by De 
Nayer (18) that adequate quantities of adrenalin may inhibit completely the 
hypoglycaemic effect of e\^en atroi^ doses of insulin. More recently, de Duve, 
Marin and Bouckaert (23) have obser\'ed that addition of very small doses of 
adrenalin to the glucose supplied bj continuous infusion to insulinized animals 
leads to a considerable decrease of the quantity of glucose needed to maintain the 
blood-sugar level normal. In the latter paper, an attempt has been made to 
reconcile the recently gained infommtion concerning the biochemical mechanism 
of adrenalin action with that obtained on insulin, in a way which would account 
for the antagonism between the two hormones. Two facts seem to be of im- 
portance: 

1. It is remarkable that both insulin and adrenalin increase the amount of 
hexose-monophoaphate present in the ti^es. It is not unusual to have two 
antagonistic factors acting syneigically on the formation of one particular sub- 
stance; the same occurs wdth the syntheas of hepatic glycogen which is favoured 
both by mmilin and by anterior pituitary extracts or cortin. Indeed part of their 
antagonism may be precisely due to this apparent synergy, for both the origin 
of the substance formed and the mechanism of its formation are different when 
the effect is provoked by insulin or by its antagonist. In the case of hepatic gly- 
cogen, we have scoti that insulin favours its formation from glucose, by promoting 
glucose phosphorylation, while anterior pituitary extracts and cortin further its 
synthesis from protein and possibly fat, by activating glyconeogenesis. In the 
case of hexose-pho^hate, insulin promotes its formation by facilitating the phos- 
phorylation of glucx^ by ATP, while adrenalin does the same, by activating 
pho^horolysis of glyccgen at the expense of inorganic phosphate. It is evident 
that activation of one of these mechanisms ^vill necessarily tend to counteract 
the other. 

2. Another important point is that phosphorylation is coupled with oxidative 
reactions, while pho^horolysis is favoured by reducing processes. Now, we 
know that insulin also favours the coupled oxidations, particularly that of py- 
ruvic acid. On the other hand, it is well known that adrenalin furthers the for- 
mation of lactic acid, which is the product of pyruvic acid reduction; moreover, 
after a detailed study of the action of adrenalin on glycogen-phosphorolysis, Lee 
and Richter (32) come to the conclusion that only two hypotheses could account 
for its me ch a n ism, one of which being that adrenalin fusers the coupling bo- 
tw'een reducing substances and phosphorylase. Wo have there a second remark- 
able instance of the antagonism betwe^i the two hormone and a common sub- 
strate of their conflicting inffuences could be cozymase which, in the reduced 
state, reduces pyruvic acid into lactic acid, and in the oxidized state, intervenes 
in pyrunc acid oxidation. Recent results by Gdbell (31) (32) seem to confirm 
this a&nxmptiuQ, for they show that administration of nicotinamide, one of the 
main constituents of cozymase, enhances the actions both of manlnn and 
adrenalin. 
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Condumn. Except for its independeat action on protein synthesis, all the 
kno\\n effects of insulin, as well as the great majority of experimental results 
obtained on insulin, can be satisfactorily explained by the theory of insulin action 
put foiwrard in this paper. This theory has been daboratdy described (see 
sections g) and h) and need not be repeated here. 

The main points we wish to emphasize are the importance of the blood sugar 
level, the importance of the hepatic action of insulin, the close similarity between 
the effects of msulin and those of an increase in blood-sugar level, and the impor- 
tance of phosphocatalytie metabolism in the metabolism of glucose. 

From these various facts, the following picture can be drawn of the part played 
by insulin in blood-sugar regulation. 

The fasting blood-sugar level is the result of an equilibrium betw’een glucose 
production and glucose consumption. If we assume all neuro-hormonal in- 
fluences to be stabilized and thus to act in a constant manner, this equilibrium 
will be essentially a chemical equilibrium, and the resulting blood-sugar level will 
be the concentration consistent with this equilibrium. The state of equilibrium 
wiU be attained when the quantity excreted by the liver will become equal to the 
quantity consumed by the other tissues. Such a state can always be attained 
and will automatically be attained by a readjustment of the blood-sugar levd, 
for we know that the total quantity of blood-glucose either consumed or produced 
is a direct function of the blood-sugar level. 

Insulin has the power of modifying this function so that a progr^sive vaiiation 
of the amount of insulin present in the tissues will create an infinite number of 
states of equilibrium, each being characterized by a particular concentration of 
glucose. 

Therefore the basal function of the pancreatic islets will be to maintain a con- 
stant level of insulin in the tissues, corre^onding to that particular state of 
equilibrium characterized by a physiological value for the blood-sugar level. 

The main antagonists of insulin in tins reject are the anterior pituitary hor- 
mones and cortin, which act mainly by increasing the production of glucose in the 
liver, by inhibiting peiiphei’al oxidation of glucose and even by directly opposing 
the action of insulin. 

The second, intermittent action of insulin is to acceleiate the return to a normal 
blood-sugar level whenever hypeiglyaiemia has occurred, whether through di- 
gestive absorption or for any other reason. In that case, an excess of insiiliu is 
provided by the pancreas and creates temporarily a new state of equilibrium, 
characterized by a hypo^ycaemic concaitration of glucose. The return to a 
normal blood sugar level will then be accderated but may be followed by hypo- 
^ycaemia. This will be dealt with by a discharge of adrenalin which will reverse 
the process, and so on. 

The main antagonist of msulin, in this urgency function, is, of course, adrenalin, 

SXJMMAHY 

In this pap^ the w'hole bulk of experimental work carried out on the problem 
of msulin action at the phyriological laboratory of the university of Louvain has 
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been summarized and discussed in connection mtlirecent data obtained elsewhere. 
The main points, which will be found summarized under the heading “Genersd 
theory of insulin action” (p. 58), lead to the conclusion that uunilin acts on the 
fiTiftin of reactions which leads, in the liver as well as in other tissues, from blood- 
glucose to tissue hexose-monophosphate. 

The next section is devoted to a close discussion of the biochemical mechanism 
of this action and it is tiiown that the only explanation which seems compatible 
with all the actually known facts is that insulin facilitate timultaneously the 
adsorption of glucose to a specific ensymatic system responsible for the conversion 
of glucose into an active, labile form, which is subsequently phosphorylated by 
ATP, and for the oxidation of various carboh 3 ’‘drate derivates, particularly of 
pyruvic add, this process being coupled with the former. 

Some aspects of the action of insulin on protein metabolism and of the antago- 
nism betweaa insulin and adrenalin are finally discussed. 

We are indebted to Sir Henry Dale, Prof. J. H. Bum and Prof. P. G. Young 
for thdr valuable advice and criticism. 
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OPTBIAL GROWTH OF THE RAT^ 

^L\X S. DUNX, EDWARD A. MURPHY and LOUIS B. ROCKLAND 
Chemical Laboratory, Univereiiy of California, Loa Angeles 

The impoi-tance of the rat in studies of growth and nutrition has been univer- 
sally recognized yet the data on growth and physiological performance have not 
been mdewed comprehensively since 1924, the date of Donaldson’s (3) revised 
classical treatise. The need for correlation of old and new data is emphasized 
by the statement of Donaldson (1924, p. x) that the performance of his rats, 
although a reasonable standard for that period, should not be considered the 
ultimate criterion. He deduced that “these rats show the characters commonly 
found in i^this and) other laboratory colonies, but they represent neither the 
best animals nor those in the ideal condition, nor do they necessarily yield the 
values Avhich will be found in Albinos ten years hence.” Abundant evidence in 
confirmation of this assertion has been provided by the discovery, during the past 
tw’o decades, of the essential r61e of vitamms, amino acids and other dietary fac- 
tors in nutrition. 

The need for standardization of the performance of rats, stressed by Donaldson 
and his co-workers at the Wistar Institute, has been appreciated by later investi- 
gators, but not all studies of growth, body functions and the nutritional value of 
food constituents have had fundamental significance. Too often, growth data 
have been of minimum value because diets were deficient in types or proportions 
of nutrients. It has been pointed out by Wilson (4) and Needham (6) that, 
because of the quality of the experimental data, the attempts to validate pro- 
posed theories of grow'th have not proved particularly fruitful. 

It has been emphasized by Zucker et ah (6) that “probably a majority of the 
formulations of growth for rats have been based upon or fitted to the data of 
Donaldson, whose weight-time curves were obtained from rats on a diet poorly 
characterized and certainly deficient in a number of factors.” Zucker and 
Zucker (7) have stated that “most growth data in the literature which have 
been used by students of growdh probably fail to meet good nutritional standards. 
The whole grow’th problem has been confused and more or less run into a blank 
WEill by repeated working over of the same old data. There is a fundamental 
flaw in these data. New data are needed which do meet reasonable nutritional 
standards, and a useful, if perhaps limited, start can be made with a single 
species— the rat.” 

The inadequacy of the earlier standards of growth was appreciated by Mendel 
and Cannon (8) who stated in 1927 that the improved growth observed by Os- 
borne and Mendel “implies that, owing to the shortcomings of the rations used, 
the mherent capacity of the rat to grow has in the past rarely been given full 

^ The wnters’ work has been aided by grants from, tbe Nutrition Foundation, Inc., 
and^tbe University of California. Early investigataons of the growth process were sum- 
nxaiued by Brody (1) in 1927. Laboratory studies of the rat prior to 1939 have been 
reviewed by Friedman (2). 
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play in the laboratory. Consequently, the published records and compilations 
of ‘norms’ foil to furnish an adequate idea of the rate of growth of which the rat is 
capable.” 

Although growth of any type or magnitude may serve to determine that 
under the obser\’ed conditions, a given food constituent functions in some capa- 
city essential to the welfare of the organisms, it has become increasingly apparent 
that it is far moiT important to detormino, if possible, the types and proportions 
of food elements required for the maintenance of the hipest type of physio- 
logical performance. This ^dew that optimal performance of fininuilH is the 
only truly aatisfactoiy standard for use in measuring the biological value of 
foo^ appears to be widespread (&-13). 

For present purposes, the terms “optimal” and “normal” are considered to be 
synonymous and in contrast to “average” or “ordinary.”* The question, “Wliat 
is normal or optimal growrth or w’hat should be the course of growth in the rat 
strain employed when there are no nutritional deficiencies?” has been raised by 
Zuckcr et cd. (G, 17) who have stated that “If effects of deficiencies are to be 
elucidated an unhampered noim should first be w'orked out. We cannot expect 
groAvth on deficient diets simply io reproduce normal growth on a Hmallfir 
scale.” Howe (18) has expiTSfied the similar view that “the kind and rate of 
feeding has such marked influence on the physical development of animalR 
that it is necessary to define normal growth and physique before attempting to 
dihOUBb the modifying effects of nutrition.” 

Normal or optimal growth has boon defined (14:, 15, 16, 19) as that physio- 
lo^cal state in which the animal functions in accordance with its design, actual 
achievements fulfill aU the potentialities of the organism and the growth curve is 
a pure exprofision of the inherent growth characteristics. Carlson (13) has 
defined an optimal diet as “that kind and quantity of food which permits and 
promotes optimum gro^vth, optimum performance of all biologic functions, 
optimum resistance to disease, optimum conservation of the factors of safety 
and powers of repair and optimum length of life mth optimum efl&ciency.” 

Although growth and the physiolo^cal sufficiency of diets are measured in- 
adequately by increase in weight (20), or any other single criterion, it appears 
probable from Thompson’s (21) studios of phylogenetic changes and Huxley’s 
(22) investigations of ontogenetic growth that groAvth is controlled by a recog- 
nizable system of forces. The pattern of growth has not been determined ac- 
cmately but it has been found that gro^vlh data obtained in different labora- 
tories for different strains of rats may be correlated conveniently by means of 
Huxley’s equation.* The latter has been reinforced and augmented by the 
investigations of Zuckcr and co-workera (6, 7, 17, 23). 

* Some writers (14r-16) have inferred that the terms ‘oplioal,” “normal,” “avert^e,” and 
*‘u8ual” have equivalent meaning. 

* A disoussion of the older growth equations which have been proposed has been omitted 
since numerous critical reviews (1, 5, 7, 21, 23, 24r-88) are available. 

In Zucker and co-workers’ useful post-weaning growth equation, log W «» — k/t -I- log A, 
k and A are positive constants, t is age in weeks from birth and W is weight in grams. A plot 
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It has been assumed by some investigators that optimal gro\vtb and normal 
grov'tb may not be synonymous terms. Osborne and Mendel (40) pointed out 
in 1926 that rapid growth may be indicative of distorted development of organs 
and body parts and that accelerated growth would be physiologically disadvan- 
tageous if time alone vrere gained at the cost of unorderly, and hence detrimental, 
development. This problem has been studied for more than three decades in the 
laboratories at Yale University and the Connecticut Agricultural Experiment 
Station by Osborne and Mendel and their associates including Anderson, Cannon, 
HubbeU, Moment, Outhouse, Pickens, Smith and Winters. 

The present authors* experiments have been predicated on the assumption 
that the diet and the rats, described in 1932 by Anderson and Smith (41) as the 
culmination of the nutrition experiments conducted m Osborne and Mendel’s 
laboratories, Avere near optimal. It is recognized that, at present, the terms 
“optimal diet” and “optimal physiological state” have only relative significance 
and there is no intention to imply that other combinations of dietary components 
may not be of equivalent, or even supmior, quality. 

There has been no attempt in this review to record all of the voluminous 


of log W v8 1/t gives a straight line of which k is the dope and, when 1/t *■ 0, log A »= log 
W. The parameters, k and A, permit an mialyds of growth in terms of a “growth intensity 
factor” and an “inherent site factor,” respeotavely. Richards (84) has emphasized Gray’s 
(86) warning that care must be used in interpreting data plotted logarithmically since the 
diameter of the point on the graph may cover more range than the error of measurement of 
the variable. It appears that the logarithmic curves of Zucker et al. (7) were not subject to 
this error since it was shown that the relative probable error (ratio of the probable error to 
the mean) was constant during the whole period of growth. 

In Huxley’s (22) equation, log y — K log x -f- log b, y is the size or weight of the part, x is 
the size or weight of the whole, and £ (slope of the curve) and b (intercept on the y axis 
when X «= 1) are constants. The equivalent expression, log y — kj/ki log x + (log A* — 
ki/ki logAi), may be derived from Zucker’s equation if the growth of the whole organism is 
expressed as log x ■■ — ki/t + log Ai and the growth of the part by log y »» — k*/t + log A». 
The £ in Huxley’s equation and the ratio ks/kt in Zucker’s equation signify that the rate of 
growth of the part remains constant in respect to the rate of growth of the whole. 

Although the constant b is of little biological significance according to Huxley (22) and 
Needham (36) , Zucker et al. (7) and Bernstein (88) have pointed out that b is the parameter 
expressing the ratio of the limiting size of the part to that of the whole, i.e., b Aj/Ai^. 
The factors £ and b may be useful indices for the characterization and differentiation of 
species and strains since they are believed to be expressions of the genetic structure and 
heredity of the organism. Applying Huxley’s equation to a large number of vertebrates, 
Quiring (37) found in 1041 that the £ values indicated a fundamental principle of size in- 
crease while the b values denoted a scale of being in numerical terms. It might be expected 
that different strains within the same spemes would exhibit dmilar, although smaller, 
differences. 

Zucker et al. consider rat growth to be sparable into two phas^, pre-weaning and post- 
weaning. Per biological reasons, they place the normal post-natal weaning age at 28 days. 
The heterogenic equation log y — ks/ki log x -f- (log Cs — k»/ki log Ci) was proposed by Hux- 
ley (28) and Hamilton and Dewar (38) and it may be derived from Zuoker’s equation, 
log W * k log T + log c, for the pre-weaning phase of growth or from the related equation of 
McDowell et ai. (25) . Huxley cemsidered this e:q)reB{don to bo in agreement with the work 
and concludons of Sohmalhausen (89). 
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literature on the growth of rats on different diets. Consideration been given, 
primarily, to the data of the post-weaning period considered to be most highly 
significant. 

Total body growth. The data plotted according to Zucker’s method in 
figure 1-A were taken from the papera of Mendel and Hubbell (42) and Anderson 
and Smith (41). The cun-es represent the different types of growth obtained 
in the New Haven laboratories dm*ing the period, 1912-1935, with male rats of 
the same (Yale albino) strain maintained on different diets under essentially 
the same environmental conditions. The increased rate of growth on the latter 
diets was accompanied by increased uniformity of growth and by improvement 
in physiological condition. It was the view of Osborne and Mendel (40) and of 
Mendel and Hubbell (42) that these effects wore due to dietary changes rather 
than to selective breeding. The superior grow’th-promoting capacity of the 
Anderson-Smith diet has been confirmed by Pickens, Anderson and Smith (43). 
It has been found, also, by Freudenberger (44) that improved diets and care 
increased the unifoimity of growth of rats. 

The growth curves obtained by the present authors with the Long-Evans 
strain of rats maintained on the Anderson-Smith diet are shown in figure 1-B 
(male mts) and figure 2 (female rats). Other growth curves arc given in figure 1 
for male rats of the Long-Evans and Wisiar strains and in figure 2 for female 
rats of the Long-Evans strain. 

Accoitling to Zucker’s (45) premises, curves A-3, A-4 and C-2 of figure 1 
represent growth on deficient diets. The marked difference between curves C-2 
and the two others may indicate, according to Zucker’s (17) concept of spon- 
taneous realimentation, that tho diets employed differed m respect to the type of 
nutritional deficiency. The single^traight-line curves A-2, B-2, and C-1 are .of 
the types characterized by Zucker et cU. (17) as good, normal, optunal and 
adequate since the grow'th data obtained with several albino colonies in a number 
of laboratories yielded straight-fine curves of similar slope. Although it was 
recognized that grcAvth data obtained ^vith diets known to be nutritionally 
deficient did not yield straight-line curves and that diets w'hich did yield straight, 
line cuiwcs had no pronounced deficiencies, Zucker et al. have been careful not to 
define normal (or optimal) growth as that adhering to their equation. It is of 
interest that Freudenberger’s (46) diet, which yielded strai^t-line curves 
(B-2 and C-1 of fig. 1), was later (47) found to be deficient m iodine although 
the deficiency, os evidenced by lectification, was not sufficient to affect the curve 
of total body growth. 

A type of growth not considered by Zucker and co-workers is represented 
by curves A-1 and B-1 of figure 1. The difference in slope between the curves 
A-1 and A-2 for the Yale-albino strain and between the curves B-1 and B-2 for 
the Long-Evans strain possibly may be esplained by the nutritional history 
of the parent rats. The parents of Anderson and Smith’s (41) rats were raised 
on Mendel and Hubbell’s (42) sub-optimal diet which yielded curve A-2 of 
figure 1. At birth of the young the mothers were placed on the Anderson-Smith 
diet and at weaning the young were continued on this diet. The young in- 
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creased rapidly in weight and attained an adult weight optimal for rats of this 
strain. Similar results were obtained b}' Pickens, Anderson and Smith (43) 
under the same conditions. Although their rats at 4 weeks of age were slightly 
lighter than those of Anderson and Smith, the same adult (16 weeks, post natal) 
weights were attained by the two gi’oups of rats. On the other hand, curve B-1 
represents the growth of rats (maintained on the Anderson-Smith diet) whose 



fig. 1. Curves ahcndug the lelation between body w eight and reciprocal age of male rats 
on various diets. The notations are as follows ; 

Yale etrain. A-1, Anderson and Smith (41), 1932. A-2, Mendel and Hubbcll (42), 1935. 
A-3, Mendel and Hubbell (42), 1026. A-4, Mendel and Hubbell (42), 1919. 

Long-Evans strain. B-1, This paper (unpublished data). B-2, Fieudcnberger (46), 
1932. 

Wiatar strain. C-1, Freudenberger (46), 1932; Greenman and Duhring (60), 1930. C-2, 
Greenman and Duhxlng (60), 1923. 

Fig. 2. Curves showing the relation between body w eight and reciprocal age of female 
rats on various diets. The notations are as follows: 

Long-Evans atrain. 1, This paper (unpublished data). 2, Emerson and Evans (56), 
1944. 3, Freudenberger (46), 1932. 

parents had been raised on the Anderson-Smith diet. If the rats employed by 
Anderson and Smith had been the prt^eny of parents which had been raised on 
the Anderson-Smith diet, it appears probable that a growth curve resembling 
that found in the authors’ laboratory, mi^t have resulted. Hanpo n nnH Hayes 
(48) reported that the birth and weaning wel^ts induenced the adult wei^t 
but Anderson and Smith (41) and Zucker et <d. disagreed with tbia conclusion. 
Other workers have found that the adult wei^t of mice (49), rabbits (60) end 
Daphnia (61) is not dependent upon the initial growth rate. 
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If it is assumed that curves A-1 and B-1 of figure 1 represent near-optimal 
growth it would folloAV that the single straight-line growth curves are indicative 
of some dietary deficiency. This hypothec would seem to be in harmony with 
the statements of Zucker and Zucker (7) that “the only experimental conditions 
which can possibly lead to groA\*th according to any relatively simple law require 
a diet which is adequate for the most rapid growth attainable by nutritional 
means. Under these conditions only can the growth curve be a pure expression 
of the inherent growth characteristic of the organism.” Since this (or any 
other) interpretation of the characteristics of optimal growlh involve the problem 
of obesity, the relation of fat deposition to increase in body weight is considered 
at this point. 

It may be inferred that the relatively rapid increase in pre-weaning body wei^t 
of rats (curves A-1 and B-1 of fig. 1) raised on the Anderson-Smith or other diet 
containing a relatively high percentage (I^ to 30 per cent) of fat occurs without 
deposition of fat in exccsb of the nutritional needs of these animals. Although 
male rats raised on the jVndcrson-Smith diet contained a higher percentage of 
body fat than rats fed the modified (Mendel-Hubbell) Anderson-Smith diet, 
the data of Pickens el al. (43) indicate that the shapes of the body-weight and the 
fat-free body-weight curx'es 3 ’ielded by the two diets were closely similar. The 
same percentage of body fat is approached as groAvth on these diets proceeds 
through matmlty. Data in haimony with this observation have been reported 
by Zucker et al. (23) who found that the body weight of rats fed an adequate 
diet increased slowly up to 70 weeks of age with no evidence (even at 100 weeks of 
age) of excessive fat deposition, and by Reed et al. (52) who observed that the 
relative distribution of fat in the animal body was the same on high carbohy- 
drate-low fat as on low cai’bohydrate-hi^ fat diets.* The findings of Evans 
et al. (63), Maynard and Rasmussen (64) and Yinson and Cerecedo (55) that 
lactation is improved on diets containing relatively high proportions of fat may 
explain the superior quality of such diets for pro-weaning growth. 

The straight-line gro'wth curves of the albino colonies considered by Zucker 
et ol. were similar in dope. This observation led to the supposition that the slope 
of the curves provided a mathematical characterization of certain genetical 
factors, particidnrly that called “growdih intensity.” It may be noted from 
figure 1, however, that the straight-line-portions of different curves may have 
the same, or different slopes depending, apparently, upon the age and the dietary 
history of the animals. Zucker et al. found less close agreement between the 
slopes of the gro'wth ciuves for Long-Evans hybrid rat colonies than for albino 
rat colonies. These differences were attributed to chance genetical variations 
resulting from the breeding of hybrid parents but Freudenberger (46) has stated 

* It has been reported recently by Williams et al. (110) that the type of diet [(a) fat, 67.9 
per cent of oalories; carbohydrate, 9.3 per cent, (b) fat, 38. 6 per cent of calories; oarbohy- 
drate, 88.6 per cent, (o) fat, 9.8 per cent of calories; carbohydrate, 67.9 per cent] had little, 
or no, eifect upon tho proportion of essential lipids to total lipids. The precentage oomposi - 
tion of the essential lipids was nearly the same on diets a and b. The percentage composi- 
tion of the essoalial lipids observed on diet o (fijBfered from that found on diets a and b. 
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tVin t. even the albinos of the Long-Evans strain resemble the Long-Evans strain 
as a whole rather than the Wistar albinos from which they were derived. This 
latter view appeal’s to be supported by the fairly close agreement found for the 
constants of the equations for body-weight increase (curves shown in fig. 2 and 
those given by Zucker et cd.) of the Long-Evans rats investigated by Freuden- 
berger (46), Emerson and Eh’^ans (56), Zucker et dl. (7, 17) and the present 
authors. 

The values 640, 540 and 430 for the males and 380, 300 and 280 for the females 
found for the limiting weights of the Yale-albino, the Long-Evans and the Wistar 
strains, respectivelj’, denote fundamental size differences of these strains of rats. 
In general, the constants, calculated by the present authors from the data re- 
viewed by Zucker and Zucker (7), agree fairly well with the values reported by 
fhese investigators. These results would not seem to be in agreement with the 
obser\'ation of Vinson and Cerecedo (55) that “an adult female of the Long-Evans 
strain weighs less than an adult Wistar female.” 

The logarithmic-growili curves obtained with rats, both of the Yale-albino 
and the Long-Evans hooded strains, fed on the Anderson-Smith diet changed 
slope at about 14 weeks of age (no data were available for the females of the 
Yale strain). There appears to be some factual basis for the inference that 
changes in the constants of the growth equation at about 14 weeks of age consti- 
tute an objective expression of conditions existing at the beginning of a “nor- 
mally” occurring adult growth period. It is known that rats become physically 
mature at about 16 weeks and are usually bred at this age (57) and that volum- 
taiy actiAuty increases up to the age of 12 to 18 weeks and then declines (58). 
An analogous growth equation, which changes slope at birth, applies to the pre- 
natal and the post-natal phases of pre-weaning growiih (conclusions based on the 
data of Stotsenberg (59) and Greenman and Duhring (60)). 

A different tjTpe of superior growth was observed by Evans (61) with rats 
which had received injections of hypophyseal extracts. .Vlthough the increased 
growth rate of rats, due to dietary improvement alone, reported by Mendel and 
Cannon (8) and Anderson and Smith (41) compared favorably with that found 
by Evans and by Bryan and Gaiser (62) with rats injected with anterior pituitary 
extract, it appears that the inherent-size differences of the rat strains employed 
were not taken into consideration. The average of the two log weight-reciprocal 
time curves given by Zucker and Zucker (7) in representing Evans’ data for the 
1923-24 series of experiments, is shown in figure 3. E\’'en though the curve may 
be expressed by Zucker’s eqimtion it appears that the pattern of growth has been 
markedly changed by the injection c£ pituitary extract. The resulting lai-ge 
animalR probably were monstroti.ties since the wd^ts attained were larger thfl,Ti 
the near-optimal rats of the same strain and the inherently-larger rats of the 
Yale-albino strain. Other distortions of the growth pattern resulting from the 
injection of anterior pituitary growth hormone include relatively greater groAvth 
of the viscera and glandular organs (63, 64), and of the liver (63, 65, 66). The 
occurrence of splanchnomicria in pituitary dwarfism and atrophy of visceral 
organs after hypophysectomy has also been observed (67). 
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Hetsbaxjxesis. It has been generally recognised (18, 22, 68-70) that the 
tissues and organs of the body develop in definite order and proportion relative 
to the growth of the body as a whole and that they develop at a rate which, to a 
considerable extent, is determined by the nutritional state. Many investigators 
believe that abundant nutrition promotes the maximum e^^ression of inherited 
characteristics while under-nutrition results in retarded development. It seems 
apparent, however, that many studies on heterogonic growth are subject to the 
criticism that sub-optimal diets, utilized purposefully in some cases, were em- 
ployed. Such data may be of value, however, since they may serve to charac- 
terize sub-optimal groviih. 

Skeletal growth, growth of some of the principal organs and changes in body 
composition with age are discussed in the following sections. 



Fig. 3. CurvoB showing tho relation between body weight and reciprocal age of female 
rats injected with hypophyseal extract. The notations are as follows : 

Long-Evans strain. 1, This paper (unpublished data, Anderson-Smith diet). 2, Evans 
(61), 1923-24. Bats injected with hypophyseal extract. 3, Evans (61), 1923-^. Control 
rats. 

1. Skektdl growth. The skeletal gro%yth of male rats of the Yale strain, ndsed 
on the diet employed by Osborne and Mendel (40) in 1926, was investigated by 
Outhouse and Mendel (71) in 1932-33. “Rapid” growth of about 4 grams per 
day and slow gi-owth of about 2 grams per day were maiatained by varying the 
supplements of yeast and lettuce. Although these investigators found that the 
general body proportions worn nearly the same for both groups of rats, they 
concluded t^t body length and weij^t were more closely correlated than body 
length and ago. At a given body weight the leg bones of the slower-growing 
(older) rats were longer and chemically more mature than those of the faster- 
growing (younger) animals. These differences diminisbed with moreasing age 
and the leg bones of 420 gram rats, both fast- and slow-growing, had the same 
Unear dimensions. 

Outhouse and Mendel, as well as Moment (72) who found a similar growth 
response on tho Bame diets, believed that the growth of thehr rats was normal on 
both diets. It would appear, however, from the log-reciprocal plots of Outhouse 
and Mendel’s data (fig. 4) that both diels were sub-optimal, althou^ the diet fed 
to tho faster-growing group (fig. 4-A-l) was less deficient than that supplied to the 
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slow'er-growing group (fig. 4-A-2). It may be noted from the log-reciprocal 
curves sho'^'n in figure 4-C and 4-D that the body-length (axial skeleton) and 
femur-length (appendicular skeleton) curves approach more closely a strai^t 
line for rats of the Long-Evans strain fed on the Anderson-Smith diet than for 
rats of the Long-Evans and the Yale strains fed on other diets. 

The influence of age upon the grovrth of the leg bones is shown graphically by the 
curves (fig. 5) relating body length and femur length in millimeters. The femurs 
of Outhouse and Mendel’s rats Trere longer for the slower-growing (older) than for 



Fig. 4. CuTTCS sho'n ing the relation between reciprocal age and body weight, body length 
and femur length of male rats on various diets. The notations are as follows : 

Yale strain. A-1, B-1 and D-2, Outhouse and Mendel (71), 1932-33. Bapid group. 
A-2, B-2, and Outhouse and Mendel (71), 1982-33. Slow group. 

Long-Evans strain. C-1 and D-1, This paper. C-2, Freudenberger (46), 1932. 

Kg. 5. Curves showing the relation between the femur length and tho body length of 
male rats on various diets. The notations are as follows.' 

Yale strain. 1, Outhouse and Mendd (71), 1982-83. Bapid group. 8, Outhouse and 
Mendel (71), 1932^. Slow group. 

Long-Evans strain. 2, This paper. 

the faster-growing (younger) group of the same body length. Similar (tachy- 
auxetic) growth curves of the femurs of 'Wistar-^bino rats result from plots of the 
data obtained by Hammett (73) on Greenman and Duhiing’s (60) deficient diets. 
The tachyauxesis of the femur growth observed for rats maintained on deficient 
diets is in harmony with the earlier report of "Winters et al. (69) that “while the 
(defident) animals made only 8.7 to 19.5 per cent of the normally expected gain 
in body length, the leg bones made 36 to 41 per cent.” No analogous data are 
available for rats of the Yale and the Wistar strains raised on the Anderson- 
Smith diet but the authors’ data for rats of the Long-Evans strain ore shown in 
figure 5-2. It may be noted that growth of the femur relative to that of the 
axiel skeleton was both uniform and isauxetic (K = 1). 
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It may be concluded from the lateral diameters, the anterior-posterior diam- 
eters and the epiphyseal widths of the femurs found by Outhouse and Mendel 
for Yale rats and by the authoi's (unpublMied) for Long-Evans rats that the 
thickness of the femurs at a given femur length was greater for the higher- 
than for the lower-quality diets. Many investigators have reported that the 
skeleton grew pci-sistently (43, 68-70), but variably (69), on deficient diets. 
That the curves (fig. 4) of body length and femur length approach more closely 
to a straight line than those of body weight, is considered to be evidence in. 
harmony with this observation. 

It may be concluded that the skeletons of rats raised on the Anderson-Smith 
diet grow without apparent abnormalities. 

2. Organ growth. In Moment’s (72) investigation of the growth of the princi- 
pal organs and glands, the strain of rats (Yale) was the same as that employed by 
Outhouse and Mendel in studying skeletal growth. The diets were similar to 
those utilized by Outhouse and Mendel. Moment concluded that the size of 
three different muscles, the kidney, the spleen, the thyroid and the pituitary was 
more closely correlated with body size than with age. The same correlation was 
observed for the heart and liver althou^ there was a tendency, at the body 
weight, for the rapid-growing group to have larger hearts and livers than the 
slow-growing group. The growth of the eyeball seemed to bo correlated with 
age rather than body size. At a given body weight, the size of the thjnmus was 
greater for the rapid-growing than the the slow-growing rats although the age at 
which Tnaximum size was attained and began to diminish was the same for both 
groups. 

The size of various organs and glands of the Long-Evans and the Wistar 
rats at birth, and at 3, 12 and 52 weeks of age was investigated by Freudenberger 
(46) while data for most of the organs and glands of Wistar rats, based largely 
on the work of Hatai (74) and Jackson (76), were tabulated by Donaldson (3). 

(a) Heart. It may bo obsoiwod from the log heart weight-reciprocal age curves 
shown in figure 6-A that, according to Zucker’s premiFses, the growth of the heart 
was sub-optimal for the Yale and the Wistar strains of rats fed on the (presuma- 
bly inadequate) diets of Moment and Donaldson. It is of interest that growth 
of the heart appeared to be near-optimal for the Wistai- and the Long-Evans 
strains of rats maintained on the (presumably) adequate or near-optimal diets of 
Freudenberger and the authors. Even though a reasonably large number of 
animals was employed, the data reported by Freudenberger for Wistar rats 
sacrificed for organ measui’ements and the data reported for his Wistar colony 
rats wore not entirely consistent. For this reason, it is considered that the change 
in slope of the ciuve for Freudenberger’s T^tar rats may be an artifact. 

Log heart wei^t-log body wei^t curves are shown in figure 6-B. The 
points for each strain of rat and for both types (adequate and inadequate) of 
diets fall reasonably close to a straight line. The lack of any significant difference 
between the two curves of each pair of curves for the Long-Evans, the Yale and 
Wistar strains may indicate that, relative to total body growth, the growth of the 
heart (a vital organ not directly concerned with the metabolism of food) was not 
measurably influenced by the different diets employed by the investigators 
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whose experimental data have been recorded. There is some indication, how- 
ever, of a strain difference in the growth of the heart relative to increase in body- 
weight since the average slopes (K) of the curves were 0.66, 0.70 and 0.76 for the 
Long-Evans, the Yale and the Wistar strains, respectively. 

It appears that Moment’s view that, for a given body weight, the heart tended 
to be slightly larger for a rat which grew rapidly than for one which grew less 
rapidly, is not substantiated by the data discussed in this section. 

It may be concluded that the heart of a rat raised on the Anderson-Smith diet 
grows without apparent abnormality. 



Fig. 6-A. Curves showing the relation between the heart weight and reciprocal age of 
male rats on various diets. The notations are as follows : 

YaU strain. 1, Moment (72), 1933. Rapid group. 2, Moment (72), 1933. Slow group. 

Long-Evana strain. 3, This paper. 4, Freudenberger (46), 1932. 

TTtsfar strain. 6, Freudenberger (46), 1932. 6, Donaldson (3), 1924. 

Mg. 6-B. Curves showing the relation between the heart wei^t and the body weight of 
noale rats on various diets. The notations are as follows : 

Long-Evans strain. 1, Freudenberger (46), 1932. 2, This paper. 

Yale strain. 3, Moment (72), 1983. Rapid group. 4, Moment (72), 1938. Slow group. 

Wisiar strain. 5, Freudenberger (46), 1932. 6, Donaldson (8), 1924. 

(b) Kidney and liver. The log kidney weight-reciprocal age curves shown in 
figure 7-A resemble closely the comparable curves representing heart growth 
given in figure 6-A. It appears that growth of the kidney was sub-optimal on the 
inadequate diets and that growth of the kidney on the adequate or near-optimum 
diets conforms satisfactorily to Zucker’s long-weight-reciprocal time equation. 
It is evident, also, from an inspection of the log kidney weight-log body wei^t 
cu^-es (not diown) constructed from these data that kidney growth was more 
uniform on the hij^r-than on the lower-quality diets. 

It may be observed that the similar liver-growth curves (curves 3, 4 and 6 of 
fig. 7-B) derived from adequate and near-optimal diets change abruptly in slope 
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at about 12 weeks of age. This change is considered to be real and not arti- 
factitious sinco it has been observed not only for liver weight (fig. 7-B) but also 
for kidney weight (fig. 7-A), body length (fig. 4-C-l), femur length (fig. 4-D-l), 
and total body weight of female (fig. ^1 and fig. 2-2) and male (fig. 1-A-l, and 
fig. 1-B-l) ints. 

It is of further intercst that the total body and the organs (heart, kidney, and 
liver) considci’ed as well as the femur and the body have limitiTigr wei^ts or 
lengths which aro charactciistic of each of the three strains of rats investigated. 
These data are given in table 1. It should be emphasized that each figure in the 



Fig. 7-A. Curves showing the relation between kidney weij^t and reciprocal age of male 
rats on various diets. Tho notations are as follows: 

Tale strain. 1, Moment (72), 1983. Sapid group. 2, Moment ( 72 ), 1933. Slow group. 
Long-Evans straw. 3, This paper. 4, F^udenWger (46), 1932. 

Wistar strain. 5, Freudenbergor (46), 1932. 6, Donaldson (3), 1924. 

Fig. 7-B. Curves showing the relation between liver weight and reciprocal ago of male 
rats on various diets . The notations are os follows : 

Yak strain. 1, Moment (72), 1938. Rapid group. 2, Moment (72), 1933. Blow group. 
Long-Evans strain. 3, This paper. 4, Froudenberger (40), 1932. 

TTia/ar strain. 6, Freudenbergor (40), 1032. 6, Donaldson (3), 1924. 


table was derived from two independent groups of rats of the same stram main- 
tained on different diets in the same or different laboratories. 

3. Body amposHion. There has been considorable interest during the past 
two decades in the growth (increase) of chemical constituents of the animal body 
with increasmg age. Neodhom (5, 36) has reviewed and correlated a large 
amount of data on many types of animals and he has proposed what has been 
called the “chemical ground plan of animal growth.” While Needham was con- 
cerned, pidmarily, with embryonic growth, the present discussion deals only with 
the post-weaning phase of t^ growth of the rat. Clhanutin (76) concluded in 
1931 that “(hemicol maturity” of the rat is reached approximately at the age of 
weaning (28-30 days) idthough Moulton (77) had estimated, neariy ten years 
earlier, that rats become chemically mature at about 50 days of age. The major- 
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ity of the literature data have been on the chemical groups, protein, fat and ash, 
although water, chemical elements, creatine, glycogen and other entities have 
been investigated. The authors’ present interest is limited to protein, fat, ash 
and water. 

Earlier investigations (43, 78-81) of the change in chemical composition with 
age have led to the \’iew that the gain in weight of young growing animals results 
in lai*ge part from accretions of protein, water and ash. It has been observed, 
as age and live weight increase, that the proportions of protein and water in the 
animal tend to decrease and the proportion of fat to increase. The proportion 
of minerals may decrease slightly but does not change greatly under usual con- 
ditions. On the other hand, the absolute amounts of all of these substances 
probably increase with age especially in the case of the rat which grows continu- 
ously, although slowly, throu^out maturity. 


TABLE 1 

Limiting site of body and body parts of male rats of different strains 


SILUN 

BODY WCICHX 

BODY TXJXam 

! 

nacoft 

IXKOIS* 

HCABT 

WEIGHT 

HEDHXY 

WJUGUI 

UVEK 

WEIGHT 


gm. 

SR. 

gm. 

SJL I 

gm. 

sje. 

gm. 

SJL 

gm. 

SJi. 

IQ 


YiJe albino 

640 

7.5 

27. B 

3.7 

44 

5.0 

1.45 

0 

3.60 

1.2 


3.6 

Long Evans hooded 

540 

6.2 


6.3 

41 

3.3 

1.45 

7.3 

3.50 

4.3 

IfMO 

5.6 

Wistar albino 

430 


23.5 


39 

1 

1.20 


3.30 





*Air-dried. All other values wet weight. 

S.R. is the significance ratio (difference divided by the probable error of the difference) . 
If the quotient is greater than 3 the difference is considered significant. 


The effect of the plane of nutrition on body composition is illustrated by 
McMeeken and Hammond’s investigations of swine, review'ed by Howe (18), and 
by Moulton, Trow'bridge and Haigh’s (80) studies of cattle in which different 
nutritional levels were maintained by controlling the quantity of food ingested. 
Similai’ data for the body composition of rats have been reported by Pickens, 
Anderson and Smith (43) who maintained different nutritional levels by con- 
trolling the quahty of diets fed ad libiium. Essentially the same relations of 
protein, fat, ash and water were found for both species of n.nimn.lR and for both 
types of nutritional control. 

Moulton (77) expressed the opinion Hiat the plane of nutrition would not 
affect the composition of animals calculated on a fat-free basis nulftsfl the con- 
ditions wrere such os to cause retardation of development. A HiTyiilar view was 
advanced by Pickens, Anderson and Smith who found that the whole bodies 
varied considerably in composition at 230 days of age but that the fat-free 
material of all groups was practically of identical composition. Different de- 
grees of correspondenGe were observed, however, over the experimental period 
from weaning to 230 days. It has been found from semi-logarithmic plots of the 
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data of Pickens et al» that the relation between the various components on the 
different diets was the same whether calculated on a total-weight or a fat-free 
basis. Differences in composition Were of reduced magnitude when calculated 
on the latter basis. Examination of the plots reveals that the rats fed the Ander- 
Bon-Smith diet hod higher fat content of their bodies and more nearly optimal 
skeletal growth (ash) than rats maintained on deficient diets. 

It was concluded by Light, Smith, Smith and Anderson (82) in 1934 that, under 
unfavorable nutritive conditions, the chemical composition of the body may be 
varied so that the available food material is best used to support the vital equi- 
libria and to maintain the essential tissues. This view that changRA in b^y 
composition may reflect an "adaptation to deficient diets” was reiterated in the 
later studies of Pickens, Anderson and Smith (43). The general concept that 
there may be a *‘vital portion” and a “reducible portion” of the ftniTnal body 
has been discussed more recently by Nash (83). This h3^othesis is somewhat 
analogous to that proposed in 1919 by Terroinc (84) . The vital portion was con- 
sidered to bo the port necessary for life and the reducible portion tiie part nor- 
mally in excess of tho minimum requirement for existence. There was assumed 
to be a vital and reducible portion of each chemical constituent equivalent, 
respectively, to the amount present at death from inanition and the amount 
lost during the period of inanition leading to death. Nash reported data illus- 
trating the charactoristiGS of the vital and reducible portions of Wistor rats and 
he concluded that these body portions differed in composition. On the basis 
of this concept, it may be assumed that the body composition of rats on deficient 
diets would resemble more closely the composition of the vital than the reducible 
portion.® 

Values for the percentage composition of water, protein, ash and fat in the 
^dtol and reducible portions of rats calculated from Nash’s data and in the bodies 
of rats calculated from the data of Pickens et al. (43) and Li^t et al. (82) are 
showm in tables 2 and 3. Although both tho Yale and Wistar strains of rats 
were employed in those studios, definite strain differences in respect to chemical 
composition have not been demonstrated unequivocally oven though the possi- 
bility that such differences may be found is indicated by the work of other inves- 
tigators. Strain differences of rats in response to dietary choline (85), biotin 
(80,87), lactose (88,89), ^ucc»e (90-94) and the B-vitamins, minerals and pro- 
teins (96) have been reported. 

( It may be that tho mothod employed by Nash does not spve a true picture of changes in 
ash content of animals maintained on inadequate diets. The decrease in skeletal material 
in starvation may not bo equivalent to the increase on a poor diet although the ash values 
may approach each other. Nash has stated that **it is conceivable that by varying the 
inanition diet, e.g., by restricting in the diet only the constituent considered, the reducible 
portion of the constituent may be found to be larger and the vital portion smaller than these 
respective portions as determined by the effects of a complete inanition diet, since on a 
complete imuoition diet death may occur due to the insuffioienoy of an essential chemical 
other than the particular constituent imder consideration.” He pointed out, in addition, 
that death during starvation is not necessarily due to loss of body substonce per sc, but may 
be caused by inability to maintain phytiolos^oal equilibria. 
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It may be concluded from the data in table 2 that, as the efficiency of the diet 
increases, the composition of the body becomes less similar to that of the vital 
poiiion and more similar to that of the reducible portion. On a fat-free basis 
(table 3), the percentage of water and protein is essentially the same foraH 
diets but that of ash is inversely related to the efficiency of the diet. Ad- 
ditional information is yielded by consideration of the curves of growth and 
hetcrogony derived from Huxley’s heterauxetic equation which has been em- 
ployed by Needham and other investigators (5, 23, 36, 38, 83, 96). Some of the 
data examined indicate that on adequate diets the increase of chemical constitu- 
ents ■with time follows this equation at least up to maturity. The data are not 
extensive, however, and this problem has not been studied intensively although 
there is some indication that “disturbances” occur particularly during transition 
periods between growth phases (pre-weaning and post-weaning growth periods). 
The cmves obtained by Nash who plotted the growth of the elements of the vital 
portion e^ainst the vital portion as a whole, are of particular interest since 
nutritionally limited growth riiould resemble that of the vital portion. 

In table 4 are listed values for the slopes of the straight-line curves obtained 
from plots of the logaiithm-substance weight against the logaiithm-body weight 
both on the wet-weight and the fat-free basis. These ■values are given in the 
order of decreasing similarity to the slopes calculated by Nash for the water and 
protein components of the vital poHion. In some cases a single straight line is 
inadequate to represent all of the data. Needham (5) pointed out that heter- 
auxetic curves which are not singlo stiui^t lines may occur but he excluded 
curves of this type from his discussion. It has been found in the present review 
that many of the variant curves may be attributed to nutritional disturbances. 
The K value for each section of such curves is shown in the table. 

It is of interest that of the diets employed by Pickens, Anderson and Smith 
the Anderson-Smith diet was the only one which yielded a single strai^t- 
line heterauxetic curve for body ash and it may be inferred from the data given 
in table 4 that the proportion of water, protein and arii to total body wei^t 
increased with an efficiency which was at least as great on the Anderson-Smith 
as on the other diets. It may be conduded that rats raised on the Anderson- 
Smith diet are not abnormal in the proportions of water, protein and adi to ■total 
body weight on a fat-free basis. 

ItoBioiiOaiCAL STATE. It hos been pointed out, previously, in this paper 
that the ideal conception of optimal growth would indude optimal reproductive 
ability, optimal resistance to disease and optimal longevity. Althou^ McCay 
(97) has found that increased rate of growth may be accompanied by decrease 
in longevity, his observed longevity was not related to optimal resistance to 
unfavorable en^vironmental conditions. No reports are available on tiie lon- 
gevity or the resistence to disease of rats raised on the Anderson-Smith diet. 

In table 6 are presented data on the reproductive performance of the Yale, 
the Long-Evans and the Wistar strains of rats mamtomed on various diets. 
It appears evident from these figures that the reproductive poiformance ■was best 
on the Andorson-Smith diet. In view of the findings of Griffith and Farris 
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(67), Greenmail and Duhring (60), Morrison (98), Fitzhu^ et al. (99), Templeton 
et oZ. (100) and Emerson and Evans (56), it may be found that reproduction 
beyond first litters may not be as satisfactory because of the relatively high fat 
(lard) content of the Anderson-Smith diet. Experiments designed to test this 
hypothesis are in progress in the authois* laboratory. 

Esmrcise is included among the more important environmental factors which, 
in addition to diet, may influence growth and physiological weU-being of experi- 
mental ammals. Since all of the rats considered in this review were housed in 
stationary cages, there is no information available on the extent to which the 
growth and reproduction data obtained with the Anderson-Smith and other 


TABLE 6 

Average reproductive performance of different etraine of rata on various diets 


■ 

Per 

litter 

Birth 

weight 

YOTJMO 

1 

Weaninf wei^t 

BTXAIN 

ssrcxctnx 

Males 

Female* 

ttrtaHt 

mtmier 

tm. 

tereent 

sm. \ 

gm. 



86 

7.2 


71 

23 

28 j 

Yale 

Mendel and Hubbell (42), 1912 

65 

6.3 


67 

31 

31 

Yale 

Mendel and Hubbell (42), 1919 

68 

6.4 


76 

31 


Yale 

Mendel and HubbeU (42), 1926 

93 

9.6 

5.8 1 

90 

48 

47 

Yale 

Mendel and HubbeU (42), 1935 

81 

5.9 

5.8 

82 

431 

Long-Evans 

Evans and Bishop*^ (107), 1923 


6.7 

5.9 
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Long-Evans 

Freudenberger (46), 1932 

95 

9.3 

6,8 

i 

100 

56 

54 

Loug-Evans 

This paper* 


6.1 

4.2 


Bi 

22 

Wistar 

Donaldson’’ (3), 1924 

81 

1 8.2 

4.8 

67 

29t 

Mstar 

Greenwood* (1C®), 1940 


8.6 

5.4 


41 

38 

Wistar 

Freudenberger (46), 1982 


* First litter data. Litter number not specified in other oases, 
t Refers to the 6 or 7 young retained of the total litter, 
t Average of young weaned. Figures not ^ven for each sex. 


diets would have been altered by voluntary exercise. The conclusions on this 
point from published data are conJBicting. It was reported by Hatai (101) that 
the heart, liver and kidneys of exerdsed rats were heavier than the same oi^ons 
of non-exerdsed animals though there was little, if any, difference in body 
length and body wei^t. The spleen and the lungs of the non-exercised rats 
were found to be heavier than these organs of the exerdsed animals. Hatai’s 
observation that emrcise prevented, or at least delayed, the onset of a prev- 
alent pulmonary infection in the albino rat may be interpreted to mean 
that the heavier lungs of the unexerdsed rats resulted from infection rather 
than from any normal physiological variation. Seven generations of rats were 
studied by Donaldson (102) who found that exercised males were di^tly lifter 
and exercised females somewhat heavier than the non-exerdsed AninnniH althou^ 
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the effect was not cumulative from generation to generation. Body length was 
not appreciably affected, but the heart, Mdney, suprarenals and gonads of the 
exercised rats were somewhat larger than these organs of the non-exercised 
animals. Donaldson attributed the decrease in body weight of exercised males 
to loss of body fat and this conclusion was corroborated by Reed, Yamaguchi, 
Anderson and Mendel (52). Borovansky (103) reported that the body wei^t 
both of male and female rats was heavier for the exercised than the non-exercised. 
animals. Cages facilitating voluntary exorcise were recommended by Greemnan 
and Duhring (60) who stated that, “as a result of a highly varied diet, gentling 
and exercise, it is not only possible to produce heavier animals but their fertility 
also may be greatly inci'eased.’’ Some evidence indicating decreased longevity 
of exercised rats has been presented by Slonaker (58). 

The effect of food intake, activity and temperature upon the body wei^t of 
twelve female albino rats of the Sprague-Dawley strain has been studied recently 
by Brobock (10 i). It was concluded that (a) thei'e was a negative correlation 
between weight change and activity when food intake and environmental tem- 
perature were constant, (b) increasing the food intake increased body weight 
gfl.in when activity and environmental temperature were constant, and (c) wei^t 
loss was less at 86° than at 70°F. when food intake and activity were constant. 
The follo\ving criticisms of these carefully controlled experiments might be 
offered. Weight gains would not be comparable at different ages (4 to 10 
months) of rats since gronili on the experimental diet, even of the non-exercised 
rats, was sub-optimal. It would be of mterost, and possibly of increased physio- 
logical significance, to cany out this same experiment with a near-optimal ration 
fed ad libitum. 


SUMMARY 

Bats, rat organs and chemical components of rats grow (increase in wei^t or 
other dimensions) at rates or in proportions which arc considered to be sub- 
optimal, adequate or near-optimal. The straight-line curves derived from 
plots of the logarithms of weights or lengths and the reciprocals of time according 
to the equations of Zuckor et cd. appear to provide satisfactory, although em- 
pirical, bases for the evaluation of growth of rats and the relative efficiency of 
experimental diets. Bats of the Yale, the Long-Evans and the Wistar strains 
appear to have widely difforent limiting wei^ts which represent strain differ- 
ences necessary to consider in growth experiments. Although voluntary exer^ 
oise and temperature affect gain in body wei^t of female rats signfficantly oa 
sub-optimal diets it has not been determined to what estent growth on near- 
optimal diets would be inffuenced by these factors. No abnonnalities in the 
growth of rats, rat organs and Ghemical componemts of rats maintained on the 
Anderson-Smith diet have been observed. It appears that the Anderson-Smith 
diet is superior to the other diets for which experimental data are available in 
promoting high quality growth and reproductive performance of rats. 

It has been condudM os a working hypothesis that the Anderson-Bmith diet 
contains the types and proportions of chemical substances which are near- 
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optimal for the gro^^'th of body, organs and body components and for the repro- 
duction of the rat. No information is available on the efficacy of this diet in 
promoting longevity, resistance to disease and ph3rsiological well-being as deter- 
mined by other criteria. 
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DEVELOPMENT OF THE GRAAFIAN FOLLICLE AND OVULATION 

FREDERICK L. HISAW 
The Biological Lahoratories, Harvard University 

Twenty ycai’S have passed since it was discovered that ovulation could be 
induced in sexually immature rats and mice by making single or repeated im- 
plants of pituitary tissue (Smith, 1926; Aschheim, 1926; Zondek, 19^). Also, 
a similar period has elapsed since a practical laboratory technique was devised 
for hypophyscctomiziag rats (Smith, 1927). These two events gave impetus to 
an enonnous amount of research on pituitaiy-ovarian relationships. Many 
species of vertebrate animals, ranging from fishes to mammals, have been used 
in experiments on ovulation and the gonadotropic preparations employed have 
been equally diverse. Much of this work has been of an empirical nature and 
further complicated by wide variation both in methods used for preparing and 
standardizing gonadotropic materials and experimental procedures. This makes 
it difficult, if not impossible, to find a common ground for the comparison of 
results. 

The object of this review is to discuss the noimal processes involved in the 
development and ovulation of a Graafian follicle ^vith particular emphasis on 
the parts played by the pituitary and ovarian hormones. For this purpose, a 
rather arbitrary selection from the extensive literature dealing with this subject 
was made and only those papers were included that have a direct bearing on the 
development of the topic. The author is aware that this may lead to errors of 
omission and cQnsequently, wherever possible, works of general nature are in- 
cluded from which additional references may be obtained. 

Folliculae development. Ovulation, in mammals, noarks the end of the 
follicular phase of the estrous cycle and the beginning of the luteal phase. 
When considered from the standpoint of probable evolutionary significance the 
luteal phase is a specialization. Ovulation is not followed necessarily by the 
development of a ooipus luteum and when such occurs it is not always asso- 
ciated with viviparity. Corpora lutca are not present in amphibia but are found 
in many species of oviparous, ovoviviparoiw and viviparous elasmobranch fishes 
and mptiloB. Such corpora are not essential for the maintenance of pregnancy 
nor is it known that they secrete progostorono. Thci’efore, neither lutcinization 
nor the presence of progesterone, at least in vortobratt^ other than mammals, 
is an indispensable requircnient for ovulation. 

On the other hand, the factors that control development of the follicle and 
o^uilation seem to be fundamentally the same, if not identical, in all vertebrates. 
The physiological processes involved in the foUicular phase of the estrous cycle 
of Tnfl.Tirvmn.lR are appaiuntly homologous with those responsible for growth of 
follicles and ovulation in spocies of vertobratos in which a luteal phase is lacking. 
Thus, the avoilablo evidence indicates that in this regard all vertebrate animals 
oro basically alike. 
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Ovarian function in the adult animal is under the direct hormonal control of 
the anterior lobe of the pituitaiy gland (Smith, 1939) and the two active agents 
involved are the follicle stimulating hormone (FSH) and the luteinizing horraono 
(LH) (Fevold, 1939, 1943; Chow, 1943). The ability of the ovaries to respond 
to these pituitary gonadotropins is attained os the animal aproaches sexual 
maturity while the ovaries of the very young animal are refractory. It is also a 
conunon observation that even in the adult animal all the follicles arc not equally 
responsive. When a pituitary extract is given in small doses to a rat the effects 
may be limited almost entirely to the larger follicles, but if the dosage is increased, 
smaller follicles are called into the reaction, while the primordial follicles fail 
to be stimulated even when large amounts of the preparation are injected. This 
raises the question as to the point at which, in the life of a follicle, it becomes 
responsive to gonadotropic hormones and thus comes imder pituitary control. 
Therefore, some consideration should be given to the conditions governing fol- 
licular growth since they determine whether or not development is terminated 
by a successful ovnilation. 

One of the striking features of the adult ovary is the presence of tissues tliat 
have retained their embryonic characteristics. The cells of the geiToinal epi- 
thelium, in probably all vertebrates, are capable of active mitoses throughout 
the reproductive life of the animal. This tissue seems to be homologous with 
the coelomic epithelium and either lies entirely on the smfacc of the ovary or, 
as is more usual, is represented by tissue in the ovarian cortex which was derived 
earlier from the surface epithelium (Mossman, 1938). The embiyonic natiure 
of the germinal epithelium is also shown by the fact that oogenesis may continue 
even after sexual maturity (Hartman, 1939; Mossman, 1937). 

The primordial follicles, whether they are budded off directly from the germinal 
epithelium on the surface of the ovary or are formed in the underlying ovarian 
cortex, at first do not have a theca interna. Such follicles consist of on oocyte 
surrounded by a single layer of granulosa cells. When the oocyto begins to 
grow, a theca interna is formed from the contiguous connective tissue. As the 
theca thickens by hyperplasia and the addition of more colls from the stroma, 
it is provided ■with vascular loops which cover the follicle but do not enter the 
granulosa. Correlated Avith this is an increase in mitotic activity in the gronuloHa 
and the ovum becomes situated in the center of a solid ball of cells several Inyera 
in thickness. 

Oogenesis and follicular development in mammals can proceed up to this 
point in the absence of pituitary hormones. In the immature hypophysec- 
tomized rat follicles may develop to the stage of beginning antrum formation 
(Smith, 1930) and the total number of primordial follicles may be greater than 
normal (Swezy, 1933). Hypophysectomy of the adult fl-nimkl le^ to rapid 
atresia of all of the large antra-containing follicles, while the small follicles 
without antra may show no effects. This seems to bf* the general situation 
among m amm als but in some species follicular development, in the absence of 
the pituitary, does not progress as far as it does in the rat (see Smith, 1939, 
for reference). 

The absence of pituitary control over oogenesis and early development of the 
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follicle is probably chai-acteristic of all vertebrates. Smith (1939) found that 
hypophysectomy of frog larvae (R. hoyl&C) did not prevent groT\i;h of the gonads 
up to the stage noi*mally attained at the time of metamorphosis. Similar obser- 
vations have been made on other species of amphibia (Bums, 1932; Atwell, 1933; 
and Witschi, 1937) and Shapho and Shapiro (1934) report not only the degen- 
eration of large ova in toads {XciwjntB lacvis) but also an increase in the number 
of small follicleh. 

We know almost nothing in this regard about reptiles and only a few obser- 
vations have been made on birds. Hill and Parkes (1934) found no foUicles of 
a greater diameter than 1 or 2 mm. in the ovary of a hypophysectomized hen 
and state that the condition produced is essentially similar to that found in the 
non-laying bird at the height of the moult. Probably the most important differ- 
ence found among the vertebrates is the aze the ovum con attain after ablation 
of the hypophysis. The mammalian ovum can reach full size but the growth 
of large ova in other groups is limited by an inability to deposit yolk. 

The sequence of events seen in the formation of primordial follicles in the 
mammalian ovary is suggestive of developmental processes observed in the 
organization of tissues in an embryo. The similarity is so striking that one is 
tempted to postulate that it is probably brought about through the co-ordinated 
interaction of a self-contained system of organizers within the growing follicle. 
The actual existence or natm’e of such organizers in the follicle has not been 
demonstrated, but organizers are known to be present in the developing gonad 
(Witschi, 1939). The arrangement of the gi’anulosa of a primordial follicle is 
appai’ently under the control of the ovum. When the ova are destroyed in mice 
and rats by x-ray treatment the germinal epithelium may form cords and clumps 
of gi’anulosa cells instead of follicles (Parkes, 1926, 1927; BrambeU, Fielding 
and Parkes, 1928; Drips and Ford, 1932; AUen, Hisaw and Gardner, 1939). 
Although thcin is much confusion concerning the details of the effects of x-rays 
on the ovary and the histogenesis of tissues following a treatment, yet it seems 
that aggregates of gi’anulosa cells can organize the connective tissue of the stroma 
into structures resembling a theca interna. If this is true, then it is clearly the 
granulosa and not the ovum that is responsible for the formation of the theca. 
At the some time the theca interna provides the follicle mth a blood supply and 
either this or a stimulus derived from the theca itseff may account for the increase 
in mitotic activity of the granulosa in a growing folhcle. 

It has been sho^vn that estrogen has a direct effect on the ovary and this is 
of additional importance since there is considerable evidence that the theca 
inteim is at least one of the sites of formation of estrogen (Comer, 1938; Moss- 
nmn, 1937). BuUou^ (1942) found that intraperitoneal injections of estrogen 
greatly increased mitotic activity and oogenesis in the fflrminal epithelium in 
such distantly related vertebrates as mice and minnows (JPhoxinua Zorns). He 
suggests that the increased mitosis in the granulosa of a growing follicle might 
also be due to estrogen. It is interesting that estrogen can act as an organizer 
at its source of formation, and also function in the co-ordination of more remote 
bodily processes. 

Itegardless of the mechanism follicular growth can proceed in mammals , as 
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has been mentioned, up to the appearance of the antrum folliculi in the absence 
of the pituitary. This condition is reached in the normal mouse by the twelfth 
to fourteenth day of age (Engle, 1931) and in rats by the eleventh day (Hargitt, 
1930). Pre\’ious to this time, the young follicles in both rats and mice are re- 
fractory to the gonadotropic action of pituitary hormones. A similar situation 
exists in rabbits (Hertz and Hisaw, 1934). Probably the ovaries of all mammals 
are refractory to gonadotropins from birth to a specific age which is character- 
istic of each species. Clauberg (1932) speaks of this period as ‘‘infantile’* and 
the interval between the appearance of responsiveness and the first estrus as 
“juvenile.” The morphological difference between a follicle that will not respond 
to pituitary hormones and one that has gained competence to react is not obvious. 
However, it seems that the acquirement of sensitiidty is correlated with the time 
at which the cells of the theca interna normally start differentiating into epithe- 
lioid tissue. 

Another indication that a follicle has emei^d from the “infantile” into the 
“juvenile” condition, and consequentiy is susceptible to pituitary stimulation, 
is the presence of an antrum. The nature of the conditions under which antra 
are formed is not fully understood but the results of experiments by Lane (1935) 
are suggestive. Lane first made a staiistical study of the ovaries of normal rats 
from 15 da}^ of age to sexual maturity and of rats h 3 q>oph 3 rsectomized at 28 days 
of age and killed from one to 38 days later. The larger follicles were classiGed 
into two groups; those having two or more layers of granulosa cells were called 
primaiy follicles and those having antra were designated as vesicular follicles. 
These data were used in determining the effects of pituitary hormones and 
estrogen on the ratio between these two classes of follicles and their total number. 

Lane found that 22 day old rats given FSH twice daily for three days and 
killed when 28 days of age showed an increase over normal in the total number 
of primary and vesicular follicles, but the percentage of vesicular follicles re- 
mained about the same. When LH was used the total follicular number varied 
little from that of the untreated animal but there was a marked increase in the 
percentage of those follicles having antra. These gonadotropic preparations 
also produced similar modifications in the ratio between primary and vesicular 
follicles in hypophysectomized rats (Lane and Greep, 1935) . These results indi- 
cate that the formation of follicular antra in rats is associated with the action 
of LH. It is quite probable that LH plays an important part in this process 
but whether it alone is directly responsible for producing this effect has not been 
satisfactorily proven. 

It also seems possible that estrogen may influence follicular development by 
causing an increased secretion or release of LH from the pituitary. Hohlweg 
(1934) and Hohlweg and Chamarro (1937) found that luteinization could be pro- 
duced in the ovaries of immature rats by injecting estrogen. Tatib (1935) also 
found that an estrogen treatment caused on increase in the percentage of antra 
containing follicles, in the ovaries of immature rats, aimilftr to that observed 
foUowi^ the administration of LH. Other observations that tend to support 
the opimon that estrogen st imul ates the secretion of TH by the pituitary will be 
presented in the subsequent discuEsion of ovulation. 
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The immediate point under discussion concerns the factor or factors that 
enable a young follicle to gain competence to respond to the gonadotropic hor- 
mones of the pituitary and thus start on its way toward full maturity and ovula- 
tion. There are very good reasons for assiuning that FSH, LH and estrogen are 
present at the time the ovary of a young animal gains competence to respond to 
injected pituitary gonadotropins. Yet we are quite ignorant concerning the 
individual roles played by these hormones in the conditioning processes in a 
young follicle. It is evident that the earlier experiments just cited, thou^ im- 
portant and suggestive, fall short of the mark in that they do not establish the 
individual action of a particular hormone to the exclusion of all others. The 
pituitary gonadotropic preparations were admittedly not pure and that FSH 
and Ud wore separated completely is unlikely. Recently FSH and LH have 
been isolated as pure proteins and should prove to bo of great value in the solution 
of this problem. (For references see Chow, 1943, and Fevold, 1943.) 

What seems to be needed are esqpeiimonts in which the separate and combined 
actions of these gonadotropins, and estrogen, ore tested on the ovaries of hypo- 
ph^’sectomized animals. Some very important investigations of this nature 
have been made but so far more emphasis has been placed on changes in ovarian 
weights and gi’oss morphology than on the follicular populations and cytological 
modifications of the ovary. ” 

Creep, van Dyke and Chou* (1942) studied the effects of LH (metakentrin, 
ICSH) and FSH (thylakentrin) isolated as pure proteins from hog pituitaries, 
on the ovaries of hypophysectomized unmaturo rats. The LH preparation 
prevented atrophy in tho interstitial cells when the treatment was started soon 
after the operation or would repair the atrophic changes when the treatment was 
begun several days post-operatively. It also produced enlargement of the thecal 
cells and at high doses convci'tcd some of the smaller follicles into pseudo-lutem 
bodies. These authors mode little point of the presence of antra othei* than to 
mention their absence in the healthy-appearing follicles in control animals killed 
t^velve days after hypophyscctomy and the presence of microscopic antra in a 
few follicles in the ovaries of animals that had received LH. 

The administration of pure FSH caused tho Graafian follicles to grow, mature, 
and pass into ati'csia without becoming luteinized or cystic. The ovaries re- 
mained small oven in animals given lar^ doses and tho follicles did not attain 
the size of maliuo follicles in normal rats. The interstitial tissue and theca 
interna were not affected and there was no indication of estrogen secretion. 
Results that agree with these in m(»t respects have been reported for pure 
gonadotropins obtained from sheep pituitaries (Fraenkel-Conrat, Li and Simp- 
son, 1943). 

’When, hypophysectomized rats were given a combination of pure FSH and 
LH simultaneoudy the effects on the ovaries were like those produced by un- 
fractionated pituitary extracts (Creep, van Dyke and Chow, 1942) . The ovaries 
were heavier than could be obtained with either hormone alone. The follicles 
grew to full size and were luteinized while the theca interna was well developed 
and estrogen was secreted. These experunonts confirm previous ideas as to the 
functions of the pituitary gonadotropins in follicular development (Fevold, 1939) 
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but they leave many questiona unanswered and at the same time raise a new 
one concerning the possible importance of the direct action of estrogen on the 
follicle. 

Williams (1940, 1944, 1945) recently has made the observation that tablets 
of diethylstilbestrol implanted subcutaneously in immature female rats two days 
after hypophysectomy prevent or greatly retard the atrophy of the ovaries. 
He also found that the response of such animals to the injection of pregnant 
mare serum was markedly increased and the luteinization of the granulosa was 
much more pronounced than in the nonestrogenized controls. Pencharz (1940) 
also has reported an increase in size of the ovaries of hypoph 3 rsectomized rats 
given subcutaneous implants of diethylstilbestrol. The increase in ovarian 
weight in response to diethylstilbestrol was about three times that produced by 
estradiol dipropionate while testosterone propionate was ^^ithout effect. It was 
suggested that this discrepancy between the action of the two estrogens probably 
was due to a difference in rate of absorption. 

These estrogens, and especially diethylstilbestrol, had a marked effect on the 
follicles. The ovaries of the treated animals were packed tightly with medium- 
sized follicles and the interstitial tissue was greatly reduced. Pencharz also 
made the interesting observation that the reaction to estrogen gave the other- 
wise refractory ovaries of the H-irpophysectomized animal a most remarkable 
ability to respond to chorionic gonadotropin. 

Simpson, Evans, Fraenkel-Conrat and Li (1941) confiimed the work by 
Pencharz and also studied the effects of esti’ogens on the response of the ovaries 
to FSH and LH preparations. They noted that the increase in size of the 
ovaries of hypophysectomized rats given estrogen w’as due to a “slight but 
definite” growth of many follicles. Such follicles in spite of an increase in size 
did not develop antra and it is mentioned that some show'ed a peripheral zone 
of degeneration. This last point was not discussed in detail but it appears that 
the defect (ref. fig. 4) w’as in the basal part of the granulosa. The estrogens 
did not repair the interstitial tissue and presumably this w’as also true for the 
theca interna although it was not described. 

The influence of diethylstilbestrol on the action of LH and FISH was tested on 
immature female rats that were hypophysectomized at 28 days of age. Estrogen 
treatment was started the day after hypophysectomy, the gonadotropins W'ore 
given on the fidfth to seventh days and the animals were killed on the ninth. 
The estrogen did not modify the action of LH, the reaction being the additive 
effects of both hormones. Howrever, there W’as a marked increase in the reaction 
of the ovaries to FSH. FSH alone produced development of large and medium 
follicles and there was no repair of the interstitial tissue. When the same dosage 
of FSH Tvas given to animals that had received diethylstilbestrol the ovaries 
attained a much greater wei^t and contained large follicles, corpora lutea and 
thecal luteinized follicles while the interatitial tissue “was not repaired (or only 
partly).” The luteinization was probably due to the presence of LH as Fraenkel- 
Conrat et al. (1943) state that they had not been successful in eliminating all 
of the luteinizing hormone (ICSH) from their FSH preparations. However, 
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these results indicate that estrogens gi’eatly potentiate the action of FSH in the 
hypophysectomized animal and at the same time, judging from dosage, suggest 
the possibility that the treatment made the theca interna and interstitial tissue 
more sensitive to the action of LH. 

These obseixations on sexually immature animals suggest several points of 
interest that can be discussed better after follicular gro\\i;h in the estrous cycle 
of the adult has boon considered. 

In the noimal estrous cycle of guinea pi^ and rats those follicles that are 
destined to ovulate begin then development during a period of estrus and reach 
maturity at the succeeding estrus. During the intervening diestnun they main- 
tain a growi-h-rate that is nearly constant (Dempsey, 1937; Boling, Blandau, 
Soderwall and Yoimg, 1941). This probably holds for most TYi».mTn«.1s in which 
the estrous periods follow each other in more or less rapid succession and as far 
as the history of an individual follicle is concerned, after growth has started, 
this seems tme in a geneml way for all vertebrates. The chief difference being a 
matter of time. 

Borne very significant facts regarding follicular growiih have been obtained by 
examining the mitotic rate in the granulosa and theca through the use of col- 
chicine, Schmidt (1942) made a thorough study of the follicles in the ovaries 
of guinea pigs, from the time of their origin in the germinal epithelium (Schmidt 
and Hoffman, 1941) to ovulation and the formation of corpora lutea. Primary 
follicles 25 to 30 M uii diameter are formed from cell nests in which the flattened, 
undifferentiated granulosa cells become arranged around the yoimg ovum. This 
process seems to take place without mitosis and mitotic figures are rarely seen 
in follicles less than 60 m in diameter, at which time the flattened granulosa cells 
are differentiating into the typical cuboidal type. 

In the guinea pig the follicles acquim a thin theca interna as they approach 
a diameter of 200 n and at this stage, or soon afterwards, a small antrum is 
formed. At this point, as indicated by mitotic activity, the follicle enters a 
period of active growth, presumably under pituitary influence. At first this is 
slow but becomes rapid when the follicle has reached a diameter of about 300 n. 
The growth-rate in both granulosa and theca is m(»t active from this time until 
the follicle is 600 n in diameter. This is foUoivod by a gradual decline in mitotic 
activity in the theca while in the granulosa the number of mitoses continues to 
increase, though growth is no longer as rapid, until a follicular diameter of 800 n 
is attained. Thus it is seen that the period of rapid mitoses in the granulosa is 
preceded by the formation of a theca interna and when mitotic activity readies 
its peak in the theca and begms to decline this change apparently is reflected 
in the granulosa by a decrease in mitotic rate. 

These peaks of mitotic activity doubtless indicate an abrupt turning point in 
the physiology of the follicle. Those that escape atresia continue to increase in 
size, primarily through the accumulation of follicular fluid, but the number of 
mitoses rapidly decroases and they am absent at ovulation. Follicles having a 
diameter greater thn.Ti 800 n are first seen on the eleventh day of the cycle. This 
is very significant, as the eleventh day is also the average time that guinea pigs 
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come into estnis when the cycle is shortened by removing the corpora liitea after 
ovulation (Loeb, 1911; Dempsey, 1937). Also Dempsey, Hertz and Young 
(1936) found that ovulation could be induced in the guinea pig as early as the 
tw’elfth day of the cycle by injecting an LH preparation. Therefore, the follicle 
becomes “mature,” in the sense that it is capable of ovulation, soon after its 
diameter increases beyond 800 m- However, in the normal cycle the sudden 
spurt in growth, or preovulatory enlargement, may not occur until three or four 
da 3 rs later. 

These observations on the guinea pi^ probably represent the general situation 
in mammals. The only other animal that has been studied with an equal degree 
of thoroughness is the rat. Lane and Davis (1939) employed the colchicine 
technique in a careful study of rat ovaries selected at various times during the 
estrous cycle. Their results differ from those mentioned for the guinea pig only 
in matters of degree in that the events seen in the sixteen-day cycle of the 
guinea pig occur more rapidly in the four to six-day cycle of the mt (Boling, 
Blandau, Soderw'aU and Young, 1941). 

It is obvious that the facts at hand ore inadequate as a basis for definite con- 
clusions concerning the physiological mechanism directing and co-ordinating the 
formation of a follicle, yet they present certain suggestive features that en- 
courage speculation. In the first place it seems probable that the follicle is 
under two sets of controls, one within the ovary itself and the other outside. 
The endogenous factors in the ovary work on the principle of embryolc^cal 
organizers. For example, the primordial o\mm seems able to ari-ange the cells 
that surround it into a granulosa one cell in thickness. The infrequent mitoses 
in such follicles indicates that the growing ovum probably exercises little if any 
influence on such activity. However, the fact that during atresia and pre- 
ovulatory enlaigement preceding ovulation, the last place in which mitotic 
activity disappears is the germ hill, suggests that the mature ovum possesses 
some ability to stimulate mitoses. 

The organizing action of the ovum also is indicated by the observation that 
after the is killed by x-rays, the granulosa ceUs remain in clumps and cords. 
Also, the fact that the granulosa can persist in the absence of an oviun makes 
possible further deductions. Ovaries of x-rayed animals seciete estrogen and if 
the theca interna is the source of estrogen we may conclude that it is the granulosa 
mther than the ovum that is responsible for organization of the theca. How- 
ever, what influence if any progesterone might have on the organization of a 
follicle in the «3trous cycle of mammals is as yet unknown. 

The active agents formed outside the ovary are the pituitary gonadotropic 
hormimes FSH and LH which, by their combined action, cause the secretion of 
estrogen within the ovary. The results of the invest^tions that have been 
cited defimtely show that from the time a follicle enters the period of rapid 
growth until ovulation it is constancy under the influence of these three hor- 
mones. Furthermore, these observations also give some indication of the func- 
tion of each hormone* Maintenanoe and maturation of the theca interna arc 
controlled by LH. Also, FSH cannot promote the secretion of estrogen in the 
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absence of LH. It seems probable, though it has not been proven, that the 
theca interna through the action of LH acquires competence to respond to ISH. 

One of the functions of FSH is to produce enlargement of the follicle, primarily 
by the accumulation of fluid in the antrum. This action is limited in the 
hypophysectomized rat as shoAvn by the failure of the follicles to reach normal 
size (Gi’eep, van Dyke and Chow, 1942). The reason for this is not clear nor 
has the source of the follicular fluid been determined. Neither is it known with 
certainty which structure, if any, in the follicle gives a specific response to FSH. 
It has been generally thought that the gi*anulosa was the structure concerned 
but this probably should be questioned now siace it is known that hyperplasia 
of the granulosa can be induced with estrogens and that this effect greatly 
iacreases the response to FSH. This, of course, raises the question as to the 
importance of estrogen, which is always present, during the simultaneous action 
of FSH and LH. 

A point woHh considering is the possibility that estrogen secreted by the theca 
interna in response to FSH and LH may function in follicular development as 
the growth stimulating agent for the granulosa. This thought is not invalidated 
by the fact that estrogens must be administered in large doses to produce this 
effect (Wilhama, 1944) . The theca interna closely invests the graniflosa and the 
constant secretion of minute amounts of estrogen would be many times more 
effective under such a situation than much larger amounts given subcutaneously. 
Also, the fact that estrogen is secreted in the ovary may be a good physiological 
reason for a much higher threshold for ovarian structures, if such exists, than 
for responsive tissue elsewhere in the body. 

Another possibility worth mentionii^ before concluding this line of thought 
is that some estrogen may be secreted in the ovaries of very young or hypo- 
physectomized animals. The presence of lipoidal material in the thin theca of 
small follicles less than 200 n in diameter, os demonstrated by histochemical 
techniques, lends support to this idea (Dempsey and Bassett, 1943). Follicles 
in the rat’s ovary do not respond to pituitary gonadotropins before they have a 
diameter of about 200 n and Williams finds that the granulosa of primordial 
follicles is not stimulated by estrogens. It is also true that mitosis in such fol- 
licles normally proceeds at a relatively slow rate. These observations make one 
wonder if the gi'onulosa gains competence for rapid growth in response to estro- 
gens at the some time that the follicle becomes sensitive to gonadotropins. If 
this is true, then it seems possible that the pituitary gonadotropins, for one 
thing, simply take over and augment a process that already has been started. 

A question that often is raised is why a juvenile animal whose ovaries are 
capable of being stimulated by injected ^nadotropins, does not come into sexual 
precocity in response to her own pituitary secretion. The histology of the 
ovaries and the changes that occur following pituitary ablation clearly show that 
the pituitaries of such animals are actively secreting. It is also true that the 
ovaries may show several cycles of follicular growth and atresia before the 
first estrus. 

We have no quantitative data that are satisfactory for an analysis of these 
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facts. Several investigators have mentioned the possibility of an increase in 
secretion of the gonadotropins as the animal approaches maturity. There arc 
no acceptable techniques for determining the exact amount of FSH and LH in 
pituitary tissue or unfractionated extracts (Fevold, 1939) and until such are 
demised this point cannot be settled. Another possibility •worth considering is 
that the follicles may become more responsive to a given amount of pituitary 
gonadotropins with the advance in age of the animal. It has been sho\vn that 
this is true for the reactmty of the male and female accessory reproductive 
organs to estrogens and andi'ogens (Hooker, 1942; Price and Oiliz, 1944; Price, 
1944). 

We know considerable about the physiology of follicular development but 
there is much yet to be learned about specific processes involved. One of the 
obstacles that has retarded advancement has been the lack of pure preparations 
of pituitary gonadotropins but this now has been removed. Pure LH has been 
prepared in three laboratories (Chow, van Dyke and Greep, 1942; Li, Simpson 
and Evans, 1942; Fevold, 1943) and FSH in one (Chow, 1943). It is tine that 
so far the reactions produced in the ovary by these pure substances tend to 
confirm previous reports for FSH and LH preparations, in which the two hor- 
mones were not completely separated. However, pure FSH and LH have not 
been used in making a critical analysis of follicular development and their 
effects on the follicular populations (rf the ovary should be determined. This 
would contribute to a better understanding of the synergistic reaction produced 
in the ovary by the action of the two honnones. It has been demonstrated that 
growth of the granulosa in response to estrogen facilitates the response of the 
follicle to FSH, but it has not been shown that the changes produced in the 
theca inteina by pure LH will also potentiate FSH. All that is known, in this 
respect, for the pure gonadotropins is that the response of ■the ovaiy is greater 
when FSH and LH are given simultaneously; however this does not eliminate 
the participation of es'trogen in the reaction. A detailed study of morphological 
chan ges in the follicle induced by the independent and concurrent actions of the 
pure gonadotropins and estrogens would greatly advance our knowledge of 
ovarian ph 5 rBiology. 

OvuL-VTioN. The rupture of a mature Gi-aafian follicle and release of an 
ovum has been the subject of more research during the last twenty years than 
almost any other problem concerned -vnth ovarian physiology. Out of this have 
come certain well established facts, one of which is that in normal 
ovulation is under the control of the pituitary. Also, the reaction be in- 
duced by injecting the gonadotropins obtained from the urine of pregnant 
women and the blood serum of pregnant mares. 

This re'view is concerned "with devdopment of the follicle anH ovulation in 
the normal estrous cycle; therefore we are interested in pituitaiy-ovarian inter- 
actions. However, experiments in which the chorionic gonadotropins were em- 
ployed have contributed much tou'ard a better understanding of normal ovula- 
tion, and are useful for our discusaon. Yet, one should keep in TninH the fact 
that chorionic gonadotropins are hormones of pregnancy and are n ei th e r chom- 
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ically nor physiologically identical eitiber with each other or with pituitary 
gonadotropins. Their gonadotropic action, though interesting and useful for 
experimentation, is nevertheless incidental to their normal function (Engle, 1939; 
Astwood and Greep, 1939; Hisaw, 1944). 

The rupture of a foUiclo, as seen in mammals, is preceded by a period of rapid 
growth referred to as pre-ovulatory enlargement. A Himilar phenomenon prob- 
ably occurs in other vertebrates but is modified and obscured by the presence 
of large yolk-laden ova. The morphological changes that take place during pre- 
ovulatory enlargement and rupture of the follicle have been described in detail 
for several species. The literature dealing with this has been reviewed by 
Hartman (1939) and the reader is referred to this and a more recent paper by 
Dawson (1941). 

The follicles that undergo pre-ovulatory enlargement and o\>ulation in the 
estrous cycles of guinea p^ and rats are those that have survived a period of 
extensive atresia (Schmidt, 1942; Lane and Davis, 1939). Such foUicles can be 
distinguished by the third day of the cycle in the rat and by the twelfth day in 
the guinea pig. From this time imtil pre-ovulatory enlargement sets in there 
is a progressive increase in diameter and a further differentiation in the theca 
and granulosa. The most conspicuous change seems to involve the theca and 
consists of an increase in blood supply, sho\vn by a rapid proliferation of endo- 
thelial cells which becomes enoimous during pro-ovulatory enlargement. 

The number of eggs ovulated at one time is quite constant for the different 
species which raises the question as to why certain follicles are selected and 
others are eliminated by atresia. There is no obvious answer but it seems pos- 
sible that the immediate cause of atresia might result from a failure of proper 
differentiation of the theca interna. This thought seems more plausible when 
one considers the differential action of and LH on the ovary. Fevold (1937) 
found that the ovaries of hypophysectomized rats showed a greater response to 
an FSH propai'ation when the treatment was preceded by three daily injections 
of LH. Althou^ the LH preparation did not cause an increase in ovarian 
weight, the effects it produced augmented tho response to FSH. The gross 
appearance of the ovaries indicated that the reaction to FSH was facilitated by 
an increase in the number of follicles that were capable of responding. 

There are a munber of facts that tend to support the idea that atresia is due 
to defective differentiation of the theca iutema resulting from inadequate stimu- 
lation by LH. The first of course is the specific action of LH on the theca 
interna resulting in hypertrophy of the thecal ccUs and iucrease in blood supply. 
Another is the theca as a source of estrogen (Comer, 1938) and the part it might 
take in the growth and differentiation of the granulosa. If estrogen is responsi- 
ble for growth of the granulosa thmi the observation that indications of atresia 
first appear in that stmeture also su^ests failure of the theca (Mossman, 1937; 
Schmidt, 1942). 

The fact that atrophy of the follicles in hypophysectomiaed rats is prevented 
by the direct action of injected estrogen on the granulosa also supports the ail- 
ment (Williams, 1946). The effect of estrogen on the ovary resembles that of 
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LH'in that it apparently increases the number of follicles that are responsive to 
FSH, yet it differs in a very important respect. Although LH alone prevents 
atrophy of the theca and promotes its differentiation it cannot maintain the 
follicles for an extended period, the probable reason being that estrogen is not 
secreted. It is logical to infer, from experimental evidence, that the well-being 
of a follicle depends upon the co-ordinated action of FSH, LH, and estrogen. A 
recent contribution to this thought is the observation by Williams (1940) that 
estrogen increases the sensitmty of the granulosa to the luteinizing action of 
pregnant mai’e serum. Whether or not this explanation for atresia of large fol- 
licles pre\’ious to ovulation is entirely coirect, it seems evident that such follicles 
do not become atretic necessarily because they are incapable of responding to 
developmental stimuli. 

Superovulation. That many more follicles are capable of being brought to 
ovulation than normally occurs has been known since the early expeiiments of 
Smith and Engle (1927). They obtained 20 to 48 ovulations in rats and mice 
by implanting pituitary tissue. Such ova were capable of being fertilized and 
as many as 29 implantations were found on the ninth to tenth day of pregnancy 
(Engle, 1927, 1931). Later, Cole (1937) obtained similar results with pregnant 
mare serum. Superovnilation has been induced in several species by injecting 
gonadotropic preparations, but for the purpose of this discussion we are interested 
primarily m quantitative data that show the conditions under which the response 
can occur and the nature of the reaction. Unfortunately such papers are not 
many and data are difficult to compare due to differences in method of prepara- 
tion and standardization of gonadotropic extracts. This is particularly true of 
pituitary gonadotropins for which there is no international unit. 

Evans and Simpson (1940) used a hi^y purified FSH preparation in experi- 
ments on superfecundity in rats, as indicated by supernumerary implantation. 
This material was used on female rats 26 to 34 days of age that were placed 
with males 48 hours after the beginning of treatment. A total dose of 10 to 
15 EU gave the highest number of implantation sites, while higher doses were 
progressively less successful and low doses inadequate. Almost aU the animala 
that breed did so between 48 and 60 hom*s after the onset of treatment. These 
results are in agreement with those of En^e (pituitary implants) and Cole 
(PMS) and show that in both mice and rats approximately 30 implantations can 
be produced and the number of live young bom (17) increased about three tunes 
the normal number. 

Rowlands (1944) reports that 50 to 60 gram rats given single injections of 2 
to 60 ni of pregnant mare serum did not ^ve consistent results either in number 
of ova ovulated or number of animals responding. However, in a second series 
of experiments it was found that ovulation could be produced regularly in such 
animals if the serum treatment was followed by an injection of pregnancy urine 
hormone. The optimal mterraJ between injection of serum gonadotropin and 
pregnancy urine hormone was 48 to 72 hours, wdth the best .results at 66 hoius. 
It is also interesting that the number of ova ovulated was correlated with the 
dosi^se of serum gonadotrqpiu and not with the amount of pregnancy urine 
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hormone used to induce o\’iilation. Superovulation could be produced following 
the injection of 30 lU of serum gonadotropin but almost no ovulation could be 
obtained after a dose of 60 lU. 

Williams (1946) has shown that a single injection of serum gonadotropin will 
produce ovulation in hypophysectomized rats until the fourth day following the 
operation, but not later. That the failure after the fourth day was duo at least 
in pai’t to ovarian atrophy was demonstrated by injecting serum gonadotropin 
followed by an injection of sheep or pig gonadotropin, pregnancy urine hormone, 
or a second treatment of pregnant mare serum (Rowlands and Williams, 1943). 
The optimum interval between treatments was found to be fom* days and fewer 
ftninaflls responded when the second treatment was postponed untU the fiftieth day 
by which time follicular atrophy may have started. 

If ovarian atrophy following hypophysectomy was prevented by implanting 
tablets of stUbestrol ovulation could be induced by a sin^e injection of serum 
gonadotropin as in a normal animal (Williams, 1945). 

Rabbits also have been used in investigations on superovulation. Pincus 
(1940) has reported extensive expeiiments on prepubertal and pubertal rabbits 
five or six months old and mostly of a chinchilla strain. His usual procedure was 
to stimulate follicular development by giving six subcutaneous injections of a 
gonadotropin over three days followed within eight to twelve hours by an intra- 
venous injection to induce ovulation. The preparations used to promote the 
growth of follicles were pregnant mare serum, FSH fractions of sheep pituitaries, 
and horse pituitaiy extract. Thc»e employed for intravenous injections were 
the serum gonadotropin, horse pituitary extract and a combination of FSH and 
RH extracts of sheep pituitaries. He found that all of these gonadotropic prepa- 
rations would produce ovulation when properly administered but the pituitary 
extracts usually caused superovulation while mare serum would only occasionally 
do so. As many as 80 ova were obtained from a single rabbit. He also found 
that in these young animals copulation could not bo substituted for the intra- 
venous injection for inducing ovulation. 

Parkos (1943) produced superovulation and supci'fecundation in adult rabbits 
by “priming” them with an extract of horse pituitaries and producing ovulation 
by an intravenous injection of pituitary extract or pregnancy mine hormone, 
or by mating. In experiments to detonrune the most favorable dosage and 
length of treatment for the gixrwth of follicles in rabbits, he found 1 or 2 mgm. 
of the pituitary extract daily better than 5 mgm. and a five-day treatment better 
than three. The larger dosage produced cystic and hemorrhagic follicles. Be 
also found that sexually immature Lop rabbits weighing about 2.0 kgm. would 
xnate and become pregnant following a priming treatment. The ovaries of those 
rabbits weighing approximately 1.0 kgm. were insensitive to gonadotropms while 
fi.niTnfl.lR between 1.0 and 2.0 l^m. showed two different conditions; the foUicles 
responded to priming but did not ovulate after mating Or ovulation took place 
but corpora lutea did not develop. '' ' 

These investigationB in which* gonadotiopias have be^ used to promote 
follicular development and oviflatlon, have 'a’ number of prfnts in common. ’ In 



108 


TBSDERICE L. HIBAW 


growing follicles with gonadotropins, there is both an optimal dosage and an 
optimal length of treatment. Comparisons of dosages for the different prepara- 
tions are difficult to make, for reasons already mentioned, but the time required 
for the response is approximately the same for all. From the be ginnin g of 
treatment, ma tiTig in rats occurs between 48 and 60 hours (Evans and Simpson, 
1940); optimal time for inducing ovulation with pregnancy urine hormone in 
normal rats, 48 to 72 hours (best at 56 hrs.) and in hypophysectomized rats, 
four days (lowlands, 1944; Rowlands and Williams, 1943). In rabbits, Pincus 
(1940) found three days as the optimal length of treatment for the immature 
n.TiiTnftl while Parkes (1943) found five days better than three for the adult, both 
as to the number of ova ovulated and the number of large follicles in the ovaries. 
This is probably significant for the adult animal as Hill and White (1933) in a 
study of regresfflon of follicles in the estrous rabbit noticed that a decrease in 
mTw and disappearance of follicles started on the fifth day. 

These observations indicate that a follicle groT\'s at a definite rate and the time 
required to reach a condition susceptible to ovulatory stimulation cannot be 
shortened greatly by increasing the growth stimulus. As the dosage of a gonado- 
tropin is increased more and more follicles become involved in the growth process 
un^ a point is reached at which defects appear in the form of cystic follicles and 
premature luteinization. When pituitary extracts are used, such abnormalities 
may be due to the presence of LH either in the preparation or from the animal’s 
own pituitary. Such defects are not found even when large doses of pure FSH 
are given to hypophysectomized rats (Greep, van Dyke and Chow, 1942). The 
luteinizing property of pregnant mare serum and pregnancy urine hormone also 
gives rise to a similar situation when they are employed as growth-promoting 
agents in follicular development. 

Another point of interest is that the number of follicles that can be brou^t 
to ovulation by the priming process greatly exceeds the number of large follicles 
from which selection is made in the normal cycle prior to preovulatory onlargo- 
ment. It seems obvious that a large number is included from those that had 
not arrived at the point of differentiation before the treatment was started. 
This does not imply nec^sarily that follicular growth rato was increased as it 
seems more probable that differentiation of the theca and granulosa was brought 
about before the follicle reached full size. This supposition has some support 
in the fact that ovulation can be induced before a follicle attains its full diameter 
(Dempsey, 1937). 

Ovulation in sheep and cattle. The application of gonadotropins to problems 
in animal husbandry has contributed much information concerning ovulation 
in farm animals. Most of this work has been done in Russia, Great Britain, 
and the United States and the reader is referred to recent papers by TTftTnmnnd 
(1946) ; H a mm ond and Bhattacharya (1943) ; and Cole, Hart and Miller (1946) 
for references to the literature. FVom the standpoint of this review the most 
useful data were obtained from studies of ovulation in sheep and cattle. Those 
for cattle are the most important due to the advantage that conditions in the 
ovaries can be determined by manual palpation per rectum (Hammond, 1927). 
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Cole and Miller (1933) showed that ovulation could be induced in anestrous 
■sheep by injecting serum gonadotropin but the results were highly variable and 
not usually accompanied by estrus. Hammond (1945) mentions that the absence 
of estrus in such experiments is like the first ovulation of the natural breeding 
season and may be followed, by the length of an estrous cycle, by spontaneous 
ovulation and estrus. Also, a second treatment following the filrst by about 
sixteen days would cause ovulation and estrus. Probably the most suggestive 
observation by Hammond was that ovulation could be produced by injecting 
stilbesti’ol or stilbestrol di-n-butsrrate. Seven out of eleven ftnimalH given 1 to 
6 mgni. stilbestrol did not ovulate but ovulation occurred in five of six treated 
with 0.25 or 0.5 mgm. of stilbestrol di-n-but 5 n*ate. It also was found that stil- 
bestrol tends to inhibit ovulation if given simultaneously or one or two days 
before scrum gonadotropin, but when the estrogen was injected twelve to twenty- 
four hours after the serum, there was no inhibition or it was of a lesser degree. 
Another observation was, that the ovulating action of both stilbestrol and serum 
gonadotropin generally was inhibited by the presence of a functional corpus 
luteum. 

Several investigators have produced ovulation and multiple pregnancies in 
cattle but the most recent and, in many respects, the most detailed study is 
that by Hammond and Bhattacharya (1943). Most of their experiments were 
performed on coavs and heifers that luwi been selected for slaughter while a few 
were bred and left to calve. They succeeded in producing superovulation and 
multiple pregnancies but the object of their investigation was a practical one, 
the production of twin ovulations. For this purpose they concluded, from pre- 
liminary experiments, that 1500 lU of soium gonadotropin or about 100 mgm. 
of horse pituitary extract was the most favorable dosage to use for stimulating 
follicular growth. However, before discussing this point the influence of a 
functional ooipus luteum on ovulation should be mentioned. 

It is now well kno^vn that if a functional corpus luteiun is ejqpressed from the 
ovBiy of a cow, estrus and ovulation follow within about four days. The corpus 
luteum apparently does not prevent follicular growth in response to a gonado- 
tropin but it does inhibit ovulation. This seems particularly tnie for reasonably 
amnll dosoH (1500 lU) but heavy dosage (5000 lU) may produce ovulation in the 
presence of the coipus lutoxun. Hammond and Bhattacharya took advantage 
of these facts and most of theu* experiments deal mth the relation between dosage 
of gonadotropin and the time of removal of the corpus luteum. Various amounts 
of serum gonadotropin and horse pituitary extract were given, in most instances, 
from five days before to two days after the corpus luteum was removed. How- 
ever, for present purposes it seems sufficient to mention the results obtained 
when 1500 III of serum gonadotropin was used. Althou^ these results were 
quite variable it seems that the most effective time for administering this dosags 
for producing approximately two ovulations was two days before to the day 
after corpus luteum removal. 

These observations on sheep and cattle show that progesterone and estre^en 
have an important influence on ovulation. The presence of a functional corpus 
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luteiim (presumably progesterone) inhibits ovulation. In sheep, estrogen seems 
to have two effects one of Avhich depends upon the time it is injected in relation 
to the administration of a gonadotropin. Estrogen alone may induce ovulation 
if a large follicle is present and if injected before a gonadotropin may inhibit 
the ovulation that ordinarily occurs. 

Influence of estrogen and progesterone on ovulation. Observations similar to 
those reported for sheep and cattle have been made on laboratory animals. 
From these studies it seems that ovulation produced by the injection of estrogen 
is not due to a direct action on the ovary but probably results from an effect on 
the pituitary causing an increased output of LH. „ It has been shown in rats 
that the secretion of LH by the pituitary can be stimulated by injecting estrogen 
(see Fevold, 1939, for references) . A three-day treatment with FSH causes only 
follicular development m the ovaries of mmiatui*e rats, but if preceded by three 
daily injections of estrogen both luteinization and augmentation of ovarian 
weight takes place. How’ever, if h 3 rpophysectomized animals are used the 
estrogen treatment does not modify the response to FSH, thus showing that the 
LH came from the pituitary as a result of the action of estrogen. 

The inhibitory action of estrogen on the response to serum gonadotropin in 
sheep also has its counterpart in experiments on rats (Fevold and Fisk, 1939), 
While a three-day treatment with estrogen will augment the response of the 
ovary to FSH, an ei^t-day treatment prior to the injection of the gonadotropin 
will greatly decrease the response. Fevold and Fisk foimd that rats on estrogen 
for eight daj^ had a higher concentration of LH in the blood than those treated 
for three days. They also show’ed that the same results could be obtained by 
injecting an LH preparation, and demonstrated, in both normal and hypo- 
physectomized animals, that the extent of inhibition w'as correlated with dosage 
of LH. 

'Thus it seems that w’hile a small amount of LH augments the action of FSH 
the presence of a large amount, or effects produced by prior action, inhibits the 
response of the follicle to a follicle-stimulating gonadotropin. Yet, there is con- 
siderable uncertainty as to whether such inhibition is the result of a direct action 
of LH on the follicle or is brought about by some other means (Fraenkcl-Conrat 
et al. 1940ab.; van Dyke, 1939). However, it is significant tl^t pure LH \vill 
inhibit the gonadotropic action of pregnant mare serum on the ovaries of im- 
mature rats (Greep, van Dyke and Chow, 1942). 

The inhibitory influence on ovulation exercised by the Tnftmmn.lii^ ,n corpus 
luteum apparently is accomplished by the secretion of progesterone. It has 
been mentioned that a functional corpus luteum does not inhibit follicular 
growth but prevents preo^Tilatory enlargement and rupture of the foIHcle. This 
is in line with experimental results indicating that progesterone inhibits secretion 
of LH by the pituitary. Makepeace, Weinstein and Friedman (1937) found 
that estrous rabbits under the mfluence of progesterone did not ovulate when 
mated. Astwood and Fevold (1939) likewise have ^own that pseudopregnancy 
in rats, which usually follows electrical 'stimulation: of the uteiine cervix, did 
not occur if progesterone was mjected at the time or ‘prior tb the application of 
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the stimulus. Progesterone also vill prevent the action of estrogen on the 
pituitary resulting in the release of LH (Astwood and Fevold, 1939). It is a 
common observation that immature rats on a prolonged treatment uith FSH 
show first follicular development followed luteinization. Such luteinization 
is thought to be due to LH secreted by the pituitar}'- in response to estrogen 
from the stimulated follicles. If, in such experiments, progesterone is also given 
the follicles arc not luteinized. Therefore, it seems that when a gonadotropin 
which itself has no or only weak luteinizing capacity is used to grow follicles 
in the presence of a corpus liitoum, as in cattle, ovulation does not lake place 
because the luteinizing action of the injected hormone is insufficient or lacking 
and progesterone secreted by the corpus luteiun inhibits release of LH from the 
pituitary. In this connection it is interesting to note that Hammond and 
Bhattacharya (1943) obtained no o-vulation with 1500 lU of pregnant mare 
serum in ten cows having corpora lutea but of four othera given 5000 lU one 
had a single ovulation. 

There arc, however, other facts that tend to suggest that progesterone may 
influence ovulation in way^ other than those just mentioned. One of these is 
brought out by Hammond (1939) in a discussion on the treatment of cystic 
follicles in cattle. He found that after a cyst is niptured another follicle devel- 
ops but does not o\’ulale, but if this one is ruptured it luteinizes and is followed 
by a normal cycle and cstins thi’ee weeks later. Day (quoted by Hammond 
and Bhattacharya, 1943) found that a normal cycle may also be brought about 
by inipturing a cyst and administeimg pregnancy urine extract. These obser- 
vations indicate that a period of luteal acth-ity in some way restores the hor- 
monal balance requisite for o^uilation. 

A very interesting series of studies of a similar nature was started by Ev'erett 
in 1 939 on a stroin of rata that has a tendency to remain in constant estrus. This 
condition, once it appears, persists indefinitely except for short diestrous periods 
at infrequent intervals. The ovarian follicles are slightly cystic, being larger 
than normal, and the nuclei of the interstitial tissue present varjing degrees of 
achromatolysis and ‘Vheel” figures resembling the condition seen in h 5 rpophy- 
sectomized rats. These defects su^st a deficiency in LH wliile in the case of 
the follicles the mild overgrowth protwibly indicates \'ery weak LH action. 

Everett has found it possible to correct this situation and restore normal o\'ula- 
lion and luteinization by administering progesterone. In one series of experi- 
ments (Everett, 1940) ho gave persistent estrous rats daily injections of proges- 
terone in doses below that required to inhibit the estrous cycle of a normal ani- 
mal. Several rats were kept on this treatment for 40 to 50 days and maintained 
fairly regular cycles, but all retiuned to constant estrus when the injections were 
stopped. Another method CEh’erett, 1943) w'as to give a single “interrupting’* 
dose of 0.5 to 1 mgm. of progesterone which usually caused atresia of the large 
follicles and the appearance of di^trus lasting for two or three days, during 
which a new set of follicles grew^ If the treatment was concluded at this point 
90 to 96 per cent of the animals would return to persistent estrus following the 
brief diestrous inteiwal. However, ovulation and luteinization could be induced 
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by a second injection if given at proper intervals after the first. The effective- 
ness of the second injection Tvas slight in early diestnis, rose to a maximum on 
the first day of the succeeding estrus, and was negligible after estrus had per- 
sisted longer than eight days. Therefore, on the basis of these facts and the 
results of other similar studies (Everett, 1944a, b; 1946) Everett concluded that 
in rats small amoimts of progesterone cause the release of LH from the pituitary. 

Considerable emphasis has been placed on the relation of LH to ovulation 
but this does not mean necessarily that it is the hormone chiefly responsible for 
rupture of the follicle. 

In all instances, so far mentioned, in •which ovulation has been evoked experi- 
mentally the possibility has existed that both follicle-stimulating and luteinizing 
actions have been present. This has been brought about either by endogenous 
gonadotropins or by the physiological nature of the gonadotropin injected. 
This has been -true even in expeiiments in which, after follicular development, 
o\Tilation has been induced in hypoph;^ctomized animals by the injection of 
pregnancy urine hormone. This chorionic gonadotropin is not entii*cly a luteiniz- 
ing substance as is so often stated in the literature (see Engle, 1939, for refer- 
ences). Therefore, it seems possible that pre-ovulatory enlargement and ovula- 
tion in the normal estrous cycle may be accomplished by a balanced action of the 
two pituitary hormones, FSH and LH, not one, often refen*ed to as “the ovulating 
hormone.” 

Analysis of the adiom of FSH and LH in omdatum. Evidence in support of 
the theory that both FSH and LH are required for ovulation can be drawn from 
investigations in which partially fractionated pituitary preparations have been 
used under conditions that minimized or eliminated participation of the animal’s 
o^m pituitary. Such studies include ovulation in anestrous and immature cats 
(Foster and Hisaw, 1935), juvenile rabbits (Foster and Fevold, 1938) and hypo- 
physectomized adult rabbits (Foster, Fostei’ and Hisaw, 1937). FoUiciUar 
development in all instances was produced by daily injections of FSH for five 
days and ovulation was induced by a single intravenous injection of FSH, LH, 
or a mixture of the two hormones. In both cats and juvenile rabbits it was 
foimd that ovulation could be evoked by an adequate dose of either FSII or 
LH but a mixture of the two w*as more effective, as judged by the number of 
ruptured follicles. It w’as sJso found that when the amount of FSH in the 
ovulating mixture was kept constant and various amounts of LH were added, 
ovulation decreased as the concentration of LH increased until a point was 
reached at which no o'vulation took place. When Rinnilftr preparations wore 
tested on hypophysectomized rabbits it was found that neither FSH nor LH 
alone could produce ovulation but a combination of the two was effective. 

Greep, van Dyke and Chow (1942) tested the ovulating action of pure FSH 
and LH on normal estrous and post partum rabbits. Both hormones produced 
OTulation and LH was found slightly more effective tha,Ti FSH. They also 
tested the ^ects of combined injections of the two hormone and demonstrated 
a potentiation but of a smalle r degree than that obtained by Foster, Foster 
Hisaw (1937). It is unfortunate that tibese pure preparations were not tested 
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also on hypophysectomized rabbits. However, these experiments, as a whole, 
tend to support the theory that ovulation results from the combined actions of 
FSH and LH. 

Probably the most promising material for an analysis of the process of ovula- 
tion is the amphibian ovary. Since the first experiments on the induction of 
ovulation by Wolf (1929) on Rana pipiens and Houssay, Giusti, and Lascano- 
Gonzalcz (1929) an. Bufo marinus similar observations have been made by many 
investigators on various species of both Anura and Urodela. Only a few papers 
have been selected that have direct bearing on the present discussion and the 
reader is referred to a review by Greaser and Gorbman (1939) for a general 
consideration of the literature. 

It has been found recently that ovulation can be produced in Rana pipiens 
by administering fractionated gonadotropins from mammalian pituitary gjands 
(Wright and ITisaw, in press). This has made it possible to repeat on the frog 
several experiments that have been performed thus far only on TnaTnmn.ls - One 
of these is the action of FSH and LH in the hypophysectomized frog. It was 
found that an FSH preparation would produce ovulation in the normal frog but 
could not do so in the hypophysectomized animal. However, both the normal 
and hypophysectomized animal would respond to combinations of FSH and LH. 

Anotiicr effect produced by FSH, fiiut observed in the frog, is a sensitization 
of the ovary to an ovulating stimulus. Rugh (1939) found that hypophysectomy 
greatly increased the sensitivity of the ovary to implanted pituitary tissue. 
Wright (1940) confiimcd this observation and suggested that the effect was 
probably due to a release of gonadotropins from the pituitary during the oper- 
ation. This idea is in agreement with the observations of Lane and Greep (1935) 
and Williams (1946) who found that pituitary ablation produced stimulation of 
the ovaries in rats. In the frog, one of the hormones released is apparently FSH. 
The injection of a small amount of an FSH preparation, that is insufficient for 
ovulation, will increase tho responsivenoss of the ovary in a normal frog. Also, 
hypophysectomized frogs given eight daily injections of an FSH prepamtion, 
adequate to ovulate a nomial animal, did not ovulate, but their ovaries remained 
more responsive to an ovulating mixture of FSH and LH than those of a normal 
animal. The ovmies of similar animals, not treated for the same period, be- 
come refractory thus indicating that an FSH preparation also prevents involu- 
tionary changes in tho follicles that ordinaiily result from loss of the pituitary. 

An advantage offered by the frog’s ovary is that it will ovulate in vitro and 
the process can be watched. Hoilbrunn, Dau^erty, and Wilbur (1939) pro- 
duced ovulation in Rana pipiens by suspending one ovary in Ringer’s solution 
containing a triturated pituitary gland of a frog. Ryan and Grant (1940) ob- 
tained ovulation by putting small pieces of ovary in vials oontaming a sus- 
pension of frog pituitary tissue in Ringer’s solution. Wri^t (1945) has made a 
rather extensive study of the conditions infLuenoing ovulation of the frog’s ovnry 
m vitro. His experunents were conducted on bits of ovary mduding 16 to 
30 ova which were suspended in vials containing 10 co. of Holtfreter’s fiuid. 
This made it possible to have a large number of duplicates and controls from the 
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same ovary. Omlation was induced by adding various amounts of a fine sus- 
pension of frog pituitary tissue. Probably the most important observation, as 
it relates to the present topic, is the influence of concentration of pituitary sus- 
pension on the percentage of ovulation. This was tested by adding to a series 
of ■vdals containing tissue from the same ovary, different amounts of the sus- 
pension rangmg from that equivalent to two pituitaries to of a gland. The 
results for such experiments show a gradual increase in the percentage of eggs 
ovulated imtil a concentration of i to of a pituitary is reached after which 
there is a progressive decline. In fact, in some tests no ovulation took place at 
concentrations equivalent to one or two pituitary glands. The reason for the 
inefficiency of the higher concentrations is not known but the observations on 
juvenile rabbits by Foster and Fevold (1938) suggest that it might be correlated 
with the increase in amount of LH as more pituitary tissue was added to the 
solution. 

A partial answer to this question probably can be found in the results for in 
vitro experiments in which mammalian gonadotropins were used. Wright and 
Hisaw (in press) have found it possible to induce ovulation in bits of frog ovaries 
in vitro with extracts of sheep pituitaiy glands under the same conditions as 
those just described. They foimd that an ovarian fragment in Holtfreter’s fluid 
could not be made to ovulate by adding an FSH preparation. However, the 
ovarian tissue became much more responsive to mixtures of FSH and LH than 
bits of the same ovary that had not been treated with FSH. For example, 
ovulation of ovarian fragments of a normal ovary was not obtained with mixtures 
more dilute than J unit of LH plus J unit of FSH but Himilftr bits of ovary treated 
with FSH responded to as little as ^ unit of LH plus ^ unit of FSH. The 
optimal balance betAveen the two hormones for ovulating either normal or 
sensitized bits of ovary W’as not determined but it was found that ^ unit of LH 
plus J umt of FSH was ineffective wiule J unit of LH plus 1 unit of FSH pro- 
duced ovulation. Also, the effect of LH alone was not determined due to the 
lack of a preparation of sufficient purity. 

These investigations on the frog ai’e of general interest as they indicate that 
probably the physiological processes concerned with ovulation are basically the 
same in all vertebrates. It must be significant that FSH preparations do not 
cause ovulation in hypophysectomized rabbits, hypophysectomized frogs, nor 
in bits of frog ovaries in ^itro, while proper combinations of FSH and UI ^vill 
do so in all instances. Tiet it is a fact that the information we now have is 
based for the most part on results in which pituitary preparations of questionable 
punty have been used. Such data are no doubt reliable in most respects but 
diould be accepted wdth reser\''ation until the effect of chemically pure pituitaiy 
gonadotropins have been investigated. 

CoTiclusioTis on ovulcUion. The results for experiments on ovulation tend to 
support the theory that rupture of the follicle is brought about by the synergistic 
action of FSH and LH. Yet the quantitative relationship between these two 
hormones, that is most favorable for ovulation, has not b^n determined for a 
sui§^ Etpecies. It also seems likely that there is considerable variation a-'nd that 
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each species, though similar to all others, has its individual pecularities. This 
certainly seems true when one conmdors the responsiveness of some and the 
difficulties encountered with others. With regard to this one need only mention 
the discouraging experiences of those who have attempted to produce o\Tilation 
in primates (Hartman, 1938; Davia and Hellbaum, 1944; Abarbanel and Lea- 
thern, 1945). 

It is also a problem to how the proper balance between the pituitary hor- 
mones, at the time of o^nilation, is achieved. It seema to be the general opinion 
that this is accomplished by an increase in secretion or release of hormones from 
the pituitary as a result of nerv’^ous stimulation at mating or in response to the 
ovarian hormones, estrogen and progesterone. A point made in the discussion 
is that estrogen is found in all vertebrates while progesterone probably is present 
only in mammals and therefore cannot be of general importance in ovulation. 
Although Everett has presented strong evidence in support of the possibility 
that small doses of progesterone stimulate the secretion of LH by the pituitary 
in rats, it is also tme that larger doses and functional corpora lutea inhibit ovula- 
tion. The ^vriler is inclined toward the opinion that these actions of proges- 
terone are mammalian adaptations which assist in regulating the estrous cycle 
while among the vertebrates as a whole the action of estrogen on the pituitary 
is probably noore important as far as ovulation is concerned. Also, one might 
expect that the pituitaiy would not respond to estrogen in those species that 
require the nervous stimulation of mating for ovulation. Bachman (1935) found 
this so for the rabbit, but whether it is generally true is not known. On the 
other hand, the pituitai'ies of those species that ovulate spontaneously should 
react to estrogen. Evidence for this has been presented for the rat and sheep 
but such infoimation for other mammals is almost entirely lacking. 

If it is agi*eed that the output of gonadotropins by the pituitary is increased 
during ovulation there is yet the question as to whether it concerns FSH, LH 
or bothj An increased secretion of LH is mentioned most frequently in the 
literature. Those statements concerning LH are probably based on the close 
association of lutoinization •with o-vulation but at present there are no quantita- 
tive data that arc suitable for settling this point. The results of research on the 
rabbit ai*c the nearest approach. Hill (1934) found that mating in rabbits was 
followed by a rapid decrease in the ability of the pituitary to indure ovulation 
when tested in estrous does and Westman and Jacobsohn (1937) found a corre- 
sponding increase in the o^'ulating capacity of the blood. These observations 
demonstrate a greater output of gonadotropin but they are not quantitative in 
the sense that they indicate the amount of the hormone or hormones involved. 
The writer is of the opinion that the evidence is in favor of LH but these results 
could be explained by assuming an increase in LH, FSH or both as either or a 
combination of the two will cause ovulation in a normal estrous rabbit. There 
is much to commend in the idea expressed by Dempsey (1937) that it is not 
necessary to postulate wide fluctuations in FSH during the estrous cycle as all 
the phenomena could be explained on the assumption that !EHH remains quite 
constant and ovulation results from an increase in XiH. This and many snnilar 
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problems could be solved if accurate quantitative techniques were available for 
determining the FSH and LH content of unfractionated preparations of small 
samples of blood and single pituitary glands of laboratory animals. 

It also is clear that before a complete explanation of ovulation can be given, 
the relative importance of FSH and LH must be determined. At present we 
have no reliable quantitative data on liiis point. It is true that important and 
su^stive observations of a quantitative nature have been made, but in all 
instances reasonable doubt can be raised either with regard to the purity of the 
pituitary preparations used, or the possibility of endogenous gonadotropins being 
present. In experiments on mammals these objections can be met by using 
pine FSH and LH and hypophysectomized animals. It also is possible that very 
valuable experimental material for investigations on ovulation can be foimd 
among the cold-blooded vertebrates. Amphibia hold the most promise and offer 
the advantage of studying ovulation in vitro. We now have the basic informa- 
tion, techniques, and materials for solving this problem and one might expect 
significant progress within the near future. 

SUMMARY 

Follicular developmeni. The development of a Graafian follicle can be divided 
into four stages. (1) The first includes oogenesis, organization of the granulosa 
and theca interna, and growth up to the formation of the follicular antnun. In 
m a mm als the ovum attains approximately its fyll size. A characteristic of this 
period is that the growih processes probably are regulated by a self-contained 
system of organizers. (2) The second stage ^gins when the follicle gains compe- 
tence to respond to the action of pituitary gonadotropins. It is marked by 
rapid grouih, mitotic activity in the theca interna and granulosa, and multipli- 
cation of follicular blood vessels. (3) The third stage is introduced by a rapid 
falling off of mitotic rate in both theca interna and granulosa. Th e blood vessels 
continue to increase and reach full development in the fourth stage. This seems 
to be a period of differentiation, indicated by hypertrophy of the cells in the theca 
interna and granulosa. Increase in size of the follicle is due mostly to the 
accumulation of fluid in the antrum. (4) The fourth stage includes pra-ovulatory 
enlargement of the follicle and ovulation. The chief features are the rapid secre- 
tion of follicular liquor, marked hyperemia of the follicle, and usually the ovum 
undergoes the first polar division. 

The physiological processes of the last three stages proceed under the co- 
ordinated actions of the pituitary and the ovarian hormones. 

Oviilalion. Much regarding the physiology of ovulation remains obscure but 
the results of recent research warrant the following tentative conclusions: 
(1) That pre-ovulatory enlargement and rupture of the follicle is produced by the 
jdnt action rf FSH and LH. (2) That nmther FSH nor LH acting alone can 
cause ovulation. (3) Ovulation is initiated by an increase in the secretion of 
p>nadotropins by the pituitary and probably this most^ concerns LH. (4) This 
increased output of gonadotropins is caused, in species that ovulate spontane- 
ously, by the action of estrogen and pebbly pre^esterone on the pituitary, aud 
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probably by nervous stimulation of the pituitary in those species that require 
mating for ovulation. (5) Another possibility worth considering is that in 
certain species the sensitizing effect of FSH on the follicle (frog) may assist the 
ovulatory reaction or even make it possible for the follicle to respond to the 
existing concentration of gonadotropins thus making an increase unnecessary for 
ovulation. 
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THE EENAL ORIGIN OF HYPERTENSION 
HARRY GOLDBLATT 

Institute of Pathology, Western Reserve University, Cleveland, Ohio 

There is no reasonable doubt that some cases of human hypertension are of 
renal origin. The unsolved problem is whether many or most of those still 
referred to as “essential” are also of renal origin. The purpose of this review is 
to supplement the one made in 1940, in this Journal, by Blalock (24) and to 
summarize and evaluate the pertinent evidence that has now acc umul ated for 
or against the renal origin of human essential hypertension. Only relatively 
recent original references will be given here; for many of the established facts 
reference will be made to the bibliographies of previous reviews. 

In the past, the renal origin of the elevated blood pressure in human essential 
hypertension has been excluded, by definition. Essential hypertension has 
usually been defined as persistent elevation of systolic and diastolic pressures, 
without accompanying renal disease, as evidenced by impairment of renal 
excretory function, when studied by the usual methods. Dalton and Nuzum 
(74) believe that critical statistical analysis of data on renal function in cases 
of human essential hypertension does show, in most cases, some reduction in 
the concentration of the urine and excretion of phenolsulphonephthalein. Yet 
it is a fact, known for many years, that in patients with long-standing hyper- 
tension, without obvious manifestations of renal excretory impairment during 
life, intraienal arterial and arteriolar sclerosis, or even true nephrosclerosis, 
frequently may be foimd at autopsy (16, 109, 219, 254, 273). The unanswered 
questions are: (1) whether the hypertension or the vascular disease comes 
first, and (2) whether there is a causative relationship between the two con- 
ditions. E\’'en to-day, as was the cose 50 years ago (3, 214), some authors (153, 
235, 306, 384) still regard the hypertension as primary, and of unknown origin, 
and the arterial and arteriolar sclerosis, both intrarenal and systemic, as inde- 
pendent of (3) or secondary to (214) the prolonged mechanical stretching of the 
walls of the blood vessels. Probably the only reason why some of these authors 
(153) concede that the hypertension of glomerulonephritis, pyelonephritis, and 
polycystic disease of the kidneys is induced by the renal disease is because it is 
known that these diseases of the kidney precede the hypertension. It is there- 
fore not reasonable to contend that the hypertension is the cause of these in- 
flammatory or developmental renal lesions. It is possible, however, to contend 
that the hi^ blood pressure, or rather the increased bursting tension of the blood 
vessels, may be a mechanical cause of both intrarenal as well as systemic ar- 
teriosclerosis; therefore, this view has many modem adherents (153, 235, 274, 
306, 384). These authors do not concede that the hypertension is a consequence 
of the renal vascular disease, althou^ they agree that the renal may 

play a secondary part in maintaTning the hypertension which is initiated either 
by a nervous (306) or a humoral (153) non-renal mechanism. Smith, Goldrmg 
and Cha sis (384) regard the kidney as “the victim, rather than culprit” 
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Schroeder (363) believes that essential hypertension may be the result of the 
combination of a number of factors. 

If there is any one thing that is definitely established about the mechanism 
of the elevation of blood pressure, it is that widespread increase of peripheral 
(including splanchnic) vascular resistance is the determining factor (387) and 
that it is the tone of the systemic arterioles that is the determinant of peripheral 
vascular resistance. The old idea of v. Basch (3) that the arteriolosclerosis can 
be so generalized as to be a mechanical, organic cause of increased peripheral 
vascular resistance still persists, but no one has ever demonstrated such wide- 
spread disease of the blood vessels. One of the striking things about arterio- 
sclerosis in man is how restricted the vascular disease is to certain organs and 
parts of the body, and especially how common^ it is in the kidneys (16, 109, 219, 
254, 273). In this connection, the statement recently made (153) that “the 
kidneys are rarely involved to a significant degree in hypertensive disease; only 
about 8 per cent of all patients die of uremia”, is misleading, for it attaches too 
much importance to renal excretion and ignores the important fact that the 
kidneys may be the seat of advanced vascular disease without significant dis- 
turbance of renal excretory function detectable by the most recent methods 
(108, 112). Finally, there is the view of the author (144) that the arterial and 
arteriolar sclerosis are primaiy, but of unknown origin, and that when the 
vascular disease afTects the kidneys to a degree sufficient to produce adequate 
disturbance of intrarenal hemodynamics, a mechanism is initiated which brings 
about the increased peripheral vascular resistance that determines the hyper- 
tension. This view implies, of course, that any other pathologic process in the 
kidney which is capable of inducing the same disturbance of intrarenal hemo- 
dynamics would also be capable of initiating the mechanism that results in 
hypertension (70, 110, 202, 203, 206, 428). 

It is obviously impossible to solve a problem of this kind by the study of 
patients, clinically, or by the examination of specimens of tissues obtained at 
autopsy. The arteriolar sclerosis of the Mdneys, which has been reported by 
many authois (16, 109, 219, 254, 273), ns an almost invariable finding in cases 
of human essential hypertension, at autopsy, is interpreted by some as proof 
for the view that the hypertension comes first and produces the renal vascular 
disease (44, 397). The possible causative relationship between the two con- 
ditions could conceivably be investigated by the examination of biopsy specimens 
of kidney obtained from the same individuals, at intervals, before and after the 
development of the hypertension. Since there is no way of telling with certainty 
which persons will develop hyi}ertenaon, such a study of human beings is not 
feasible. An approach to this problem has been ma^ by the examinatioa of 
biopsy specimens of kidneys in cas^ of established human hypertensdon, after 
the condition had been in existence for various lengths of time. This study by 
Castleman and Smithwick (44, 397) has not led to a sdlulion of the problem, for 
obvious reasons; but it is weU to examine what it has contributed. 

In a series of patients with hypertenrion that had existed for variable periods, 
biopsy specimens of the kidneys were examined for vascular charges. In these 
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BTTiftn specimens in ■which, at best, only a few cross sections of independent ar- 
terioles could be observed, the changes were classified arbitrarily from 0 to 

-1- -)- + on the basis of the amount of hyaline thickening of the wall and stenosis 
of the lumen. Despite the views and conclusions of the authors, it is an in- 
teresting and indeed an extraordinary fact that some vascular disease was found 
in 92 per cent of the specimens and that in about 60 per cent it was from mod- 
erate to severe. From the study of such a small specimen it is ob'viously im- 
possible to tell whether the vascular disease is more or less pronounced in the 
remainder of the kidney. It is hazardous, therefore, to extrapolate from the 
evaluation of such a minute specimen of heterogeneous tissue to an estimate of 
the average condition of a single constituent, the arterioles, of the entire organ. 
An important fact, frequently overlooked, is that the larger intrarenal arteries are 
rarely included in such biopsy specimens, because the specimens are taken from 
the peripheral portion of the cortex. Even if the appearance of a few arterioles 
can give some estimate of the average change in similar vessels of the remainder 
of the kidney, yet it can give no idea of the state of tiie larger intrarenal vessels, 
or of the hemodynamic state of the entire kidney. It should be obvious that 
stenosis of one large intrarenal artery could accoimt for great hemodynamic 
disturbance in a large mass of kidney, supplied by many arterioles that are not 
themselves diseased. Arteriosclerosis, with stenosis, of the larger intrarenal 
vessels is a common accompaniment of renal arteriolosclerosis. The possible 
contribution of stenosing sclerosis of the laiger intrarenal arteries, and even of 
the main extrarenal artery, to the disturbance of intrarenal hemodynamics has 
been imderestimated. Blackman (23) has shown how common it is to find at 
autopsy some degree of stenosis even of the main renal artery in hypertensive 
patients. At no time has it been asserted that stenosis of the main renal artery, 
unilateral or bilateral, is a common cause of, or frequent finding in, cases of 
human essential hypertension. This is why it is difl&cult to imderstand why 
Oppenheimer, Klemperer and Mosdikowitz (287), and Lisa, Eckstein and 
Solomon (264), should make a special point of emphasizing that in many of their 
cases of hypei’tension in which pronounced stenosis of one or both main renal 
arteries was found, there was also significant intrarenal arteriolosclerosis. Tliis 
is admitted freely by the author. 

Experimenial Renal Hypertension. The working hypothesis of the initial 
attempt (162) to produce experimental hypertension that might, simulate human 
benign essential hypertenaon imaccompanied by disturbance of renal excretory 
function was based upon the assumption that, if the hypertension bo the result 
of the intrarenal arterial and arteriolosclerosis, then the real cause of the elevated 
blood pressure mi^t be the functional disturbance of renal hemodynamics 
produced by the stenosing vascular disease in the kidneys. It was considered 
that, if this were true, 'then the experimental production of such a disturbance 
of intrarenal hemodynamics by any means, even by constriction of the main 
renal arteries, by means of a clamp, might be followed by "the development of 
hypertension "without accompanying disturbance of renal excretory function. 
The damp for "the constriction of the main renal artery was not devised in order 
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to reproduce the effect of arteriosclercfflis, with stenosis, of the main renal artery 
alone. It was fully recognized that this condition is not commonly found in 
patients with essential hypertension, although it has been shown to occur not 
infrequently (23). The clamp was developed as a device with which to re- 
produce experimentally, in animals, the probable hemodynamic disturbance in 
the kidney produced by intrarcnal arterial and arteriolar sclerosis, so frequently 
found in persons with essential hypert^sion, or any other of a variety of pa- 
thologic processes, including stenosis of the main renal artery, which could 
produce a similar intrarenal circulatory disturbance. On the basis of an ana- 
tomical study of kidneys in human hypertensive persons Yuile (446) later found 
that intrinsic or extrinsic obstruction of the main renal artery mmiilfttiTig the 
renal clamp does occur, and concluded “that no evidence opposed to the view 
that experimentally produced hypertension has a human counterpart was en- 
countered”. 

That hypeitension which is unquestionably of renal origin, and which simulates 
human hypertension associated udth renal vascular disease, has been produced 
experimentally, by constriction of the main renal artery, is now beyond question, 
for this has been fully confirmed by many investigators (92, 99, 102, 161, 163, 
178, 195, 230, 293, 362), some of whom have employed modifications or different 
devices for the purpose of producing similar intrarenal hemodynamic disturbance. 

In this review the account of the production of experimental renal hypertension 
TV ill be made brief, because there have been many previous publications (146, 
148, 149) about this phase of the subject. The original production (152) of 
experimental renal hypertension was accomplished by permanent constriction 
(not occlusion) of the main renal artery by means of a special silver clamp de- 
fused for the purpose. The effect of the clamp was to restrict the inflow of blood 
to the kidney, with resultant disturbance of intrarenal hemodynamics, the exact 
nature of which has not yet been definitely established. 

There is no doubt that the immediate effect of constriction of the main renal 
artery is to rcstiict the flow’ of blood throu^ the kidney (162, 261) . Whethei* this 
effect persists indefinitely has not yet been detennined with certainty (368). 
Restriction of the outflow of blood from the kidney by partial constriction of 
the main renal vein is also followed by transient hypertension (17, 118). It has 
been shown by Mann and collaborator (262) that it is necessary to reduce the 
caliber of an artery considerably before an appreciable effect on blood flow 
through the vessels is produced. All attempts to produce widespread intrarenal 
circulatory distinbance by emboli of various types had failed to produce hy- 
pertension (9, 42, 376). Reproduction of the widespread intrarenal arteriolar 
sclerosiB would have been desirable, but it had not yet been accomplished at 
that time and it has not yet been produced in the dog. It is only recently that 
the production of so-called nephrosderosis in chicks and rats has been reported 
by Selye’ and coUaboratonj (371, 372, 373, 374, 376). There is no eonvincang 
proof in any of these studies that wid^pread intrarenal arteriolar sderosis has 
been produced. The changes described are mainly parenchymatous degener- 
ation and inteintitial fibroris, with an occasional arteriole showing fibroris, 
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hyaJinization and even necrosis. Some of these animals developed elevated 
blood pressure (372). The production of nephrosclerosis even in the chick and 
rat has not yet been confirmed; but others (38) have reported the hypertensive 
effect on the rat of repeated injections of desoxycorticosterone acetate. 

■WTiether the results obtained by means of constriction of the main renal 
arteries can be applied completely to the problem of human essential hyper- 
tension still remains unanswered; but there is adequate indication that experi- 
mental renal hypertension and human essential hjrpertension are closely similar, 
if not identical, and that the results obtained in studies of pathogenesis, pre- 
vention, or treatment of the one may be applied directly to the other. 

There are, however, those (163, 235, 254, 287) who refuse to assign great 
significance to these experiments, because, in human hypertension, the main 
renal artery is not commonly stenotic and therefore the vascular disease of the 
human kidney is not identical with experimental constriction of the main renal 
artery. What is forgotten, or ignored, by these authors is that constriction of 
the Tnft.iT> renal artery was an expedient resorted to e3q)erimentally because it was 
■^e only available method whereby to produce a disturbance of the intrarenal 
circulation that mi^t simulate the mc^t probable effect of intrarenal stenosing 
arterial and arteriolar sclerosis. To think that the experimental type of hy- 
pertension is not exactly like human benign or malignant essential hypertension, 
because the main renal artery in human beings with hypertension is rarely 
stenotic (254), is to misunderstand the whole problem and the main purpose of 
the procedure which was used for the production of experimental renal hyper- 
tension. Such a concession as that made by Goldring and ChasiB (153) , namely, 
that a mechanism analogous to that of experimental renal hypertension can 
initiate hypertension in man but that this occurs but rarely, is gratuitous, and 
again ignores the probable similarity between the effect of widespread intrareTial 
vascular disease and experimentally produced stenosis of a main renal artery, 
which was the basis of the original experimental investigation (152). Kecogni- 
tion of this similarity is essential to a proper understanding and evaluation of 
the contribution made by the production of experimental hypeiiension by 
constriction of the main renal artery. 

Temporary Hypertension Due to Constricfdon of One Main Renal Artery. Tem- 
porary hypertension which gradually returns to normal, in about four to six 
weeks, has been produced by constriction of one mn-in renal artery. If the clamp 
is removed, and the circulation of the kidney restored to normal, or if the one 
kidney wdth the renal artery constricted is excised, the blood pressure returns 
to normal in 24 hours or less (26, 146, 223), In some animals, especially rats, 
goats, sheep, and even an occasional dog, unilateral constriction of the Tnain 
renal artery is followed by the development of hypertension which persists for 
many months. !Elven in such fl.Tn'Tnfl.]B the blood pressure returns to normal in 
24 hours, or less, if the kidney wdth constricted renal artery is excised. It haa 
been ^own that, in dogs at least, the blood pressure may return to normal in as 
little as six hours. 

In addition to affording evidence in favor of the renal origin of *^hia type of 



BBNAL ORIGIN OF HYPERTENSION 


125 


experimental hyi)ertenBion, the significance of these observations on aniTn«.lR 
for the problem of hypertension in man has been the recognition of the existence 
of persistent hypertension associated with unilateral renal tliapiaaR in Tna.u and 
of a possible cure of the hypertension, by excision of the diseased kidney, 
provided the other kidney is normal. The subject of the existence of hyper- 
tension associated with unilateral disease in man, and the return of the blood 
pressure to normal, in some patients, as the result of the removal of tiie diseased 
kidney, has already been reviewed (1) and more cases, some with return of 
blood pressure to normal after unilateral nephiectomy, have now been reported 
(10, 11, 12, 18, 27, 29, 30, 124, 141, 202, 265, 270, 316, 317, 341, 344, 346, 364, 
376, 377, 379, 381, 384, 392, 394, 399, 427, 428, 429, 444, 446). 

There is no convincing proof that intermittent total renal ischemia results in 
permanent elevation of blood pressure (148). There is every reason to believe 
that those who still insist that this does occiu*, in an exceptional case, were 
really dealing with permanent disturbance of renal circulation in an occasional 
animal (6, 267). 

Persistent Hypertension Due to Constriction of Both Main Renal Arteries, and 
other Measures. Persistent hypertension has now been produced in dogs, 
monkeys, rabbits, sheep and goats (146), but not in the frog (408), by the con- 
stiiction of both main renal arteries (146). As in the case of unilateral con- 
striction of the main renal artery, a significant rise of blood pressure does not 
usually manifest itself in less than 24 hours, and often longer, although there is 
some evidence that the hypertensive effect may at least be initiated soon after 
the constriction (406). Hypei’tension due to constriction of one main renal 
artery may be made permanent by subsequent excision of the contralateral 
normal kidney (144, 225), by constriction of the main renal artery of the con- 
tralateral kidney (162), by occlusion of the ureter of the contralateral kidney (147, 
271), or by the enclosure of one or both kidneys (preferably decapsulated) in a 
fishskin condom (146, 149). This type of membrane does not induce the de- 
velopment of a thick hull of connective tissue around the kidney, such as is 
induced by cellophane, collodion or alk (294, 296), but it does prevent the 
development of accessory circulation to the kidney. If the constriction of 
both main renal arteries is made moderate, the hypertension which results 
is not accompanied by detectable disturbance of renal excretory function — 
the benign phase (60, 162). If the constriction of both main renal arteries is 
made great, at the first operation, there is likely to be definite disturbance of 
renal excretory function, and fatal uremia may develop — ^tiie malignant phase 
(146, 147, 443). That complete renal ischemia for a few hours may result in 
anatomical and functional damage has been shown by Selkurt (370). 

In those fl-nimnlH in which the blood pressure returns to normal aftor unilateral 
or bilateral constriction of the main renal arteries, the examination of the kidneys 
frequently shows that the naturally abundant, but poorly developed, accessoiy 
circulation to the kidney has become striking prominent, with large arterial 
vessels entering the cortex of the kidney from various surrounding source. 
This observation indicates the possibility of treating experimental renal hy- 
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pertension by inducing the development of the accessory circulation to the 
kidney. Althou^ the hypotensive effect of this procedure has been demon- 
strated experimentally, in dogs, by decapsulation and nephro-omentopexy 
(45) and by implantation of a part of the kidney into the spleen (spleno-reno- 
pexy) (426), yet this has not proved a fruitful lead for the treatment of human 
h 3 rpertension. 

Pathologic Changes in the Organa of Animals with Persistent Hypertension. 
In the benign phase, in animals, even after six years of persistent hypertension, 
no significant patholo^c changes develop in the aorta or in the large or sma ll 
arteries. The only changes observed in the vascular system of these animals 
are sli^t to moderate hypertrophy of the heart (53) and thickening of the media 
of the large and small arteries (144) . The results of these experiments, therefore, 
afford no proof for the \de^v that hypertension per se is a sufficient condition for 
the production of generalized arterial or arteriolar sclerosis in the animals used. 
The adenomatous hyperplasia of the adrenal cortex reported in cases of essential 
human hypertension (345) has not been confirmed by others and has not been 
reported in animals with experimental renal hypertension. 

In the malignant phase in animals, even when it terminates fatally in as little 
as 48 to 72 hours, the most profound changes occur in the blood vessels of the 
dog (147) or rabbit (322, 439) similar to those of the terminal phase of h uman 
m alig n a n t hypertension. In the aorta ihere is only interstitial edema, mainly 
of the media, but in the small arteries and arterioles, necrosis and fibrinoid de- 
generation occur, with or without acute inflammation in and around the wall 
of the vessels. The arteriolonecrosis and necrotizing arteriolitis, observed in 
many organs, are indistinguishable from similar changes observed in the terminal 
phase of malignant human hypertension. 

The vascular changes of the malignant phase do not occur in the blood vessels 
of bilaterally nephrectomized animals that develop profound azotemia, without 
elevation of blood pressure, or in animals with great degree of h 3 rpertension of 
long standing, without renal excretory functional disturbance. They do not 
occur, nor does h3rpertension develop, in dogs in which tho urine is deviated into 
the blood (139). In the malignant phase, in animals, the changes do not occm 
in the vessels of the kidney beyond the site of the clamp, where there is no hy- 
pertension, and where hypotension probably exists. For these reasons, it has 
been considered that a combination of impairment of renal function and in- 
creased bursting tension of the vascular wall are necessary conditions for the 
production of the patholo^c change in the vessels and that, even in human 
beings, the^ changes usually occur only terminally. The idea that these 
<ffiai^SeB are induced by long-standing (months to years) intense vasospasm (409) 
is not upheld by these experiments. The inflammation around the blood vessels 
is probably only a reaction to the de^neration and necrosis of the walls of the 
arterioles, but, of course, may be caused by the same agent that produces the 
necix^. These pathologic changes in the arterioles are not to be confused with 
^rioloselerosis and are certainly not to be used as proof that hypertension 
i^lf can produce true arterio- or arteriolosderosis. This erroneous interpreta- 
tion has been made (90, 274). 
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We have not been able to confirm the observation (242, 243, 442) of vascular* 
lesions of the malignant phase in animals that have been injected even with 
large quantities of renin, subcutaneously, intramuscularly or intravenously. 
This may be due to the difference in the method of preparation and purity of 
the renin employed. 

Some investigators have produced lesions of aiierioles which they consider 
similar to those of the malignant phase, by repeated intravenous injectionB of 
t3rranuno (93), but there is no good reason for believing that tyramine is 
responsible for the lesions in malignant hypertension. 

The changes in the kidneys themselves depend upon the degree of constriction 
of the main renal ai*tory and may vary from no detectable change, except in the 
mitochondria of the proximal convoluted tubules (101), to partial or even com- 
plete necrosis, or atrophy and fibrosis of the kidney (152). The conclusion of 
Wilson and Bsrrom (436, 437, 438) confirmed by others (122) that hypertension 
per 86 can produce the characteristic malignant arteriolar lesions in the rat, with 
hypertension due to constriction of one main lenal artery, has not been sub- 
stantiated in experimental renal hyxiertension in the dog, or any ftniTnal other 
than the rat (144, 147), and is probably based on the erroneous assumption that 
the contralateral kidney was normal. All the glomerular and interstitial in- 
flammatory lesions described by these authors in the contralateral, supposedly 
nonnal kidney, have been observed by the author in rats with normal blood 
pressure. The author’s explanation of the changes in the arterioles of the cem- 
tralateral kidney, observed by Wilson and Byrom, and the others, is that they 
were unaware of the frequent existence of hydronephrosis or pyelonephritis in 
one or both kidneys of adult rats, and that, by constriction of one main renal 
artery, they Avere dealing, in some of these rats, with bilateral renal disease. 

Pathogenesis of Experimental Renal Hypertension. This has been the subject 
of many publications, since the production of experimental renal hypei'tension 
was announced (162). Most of these accounts have deolt with the possible 
application of the observations on animals to the problem of the pathogenesis of 
human essential hypertension (24, 26, 140, 148, 208, 224, 236, 236, 271, 279, 280, 
303, 306, 378, 384). 

Progress in the acquisition of knowledge about the pathogenesis of human 
hypertension has been delayed because, in human beings, it is rarely if ever 
possible to study the patient before and after the development of the elevated 
blood pressure. The production of the counterpart of the benign and ma- 
lignant phases of human hypertension has made possible the inv^tigation of the 
probable pathogenesis of tho high blood pressure, even in man. As soon as this 
was accomplished, the possible mechanisms involved in the elevation of the blood 
pressure became obvious: 1, afferent stimuli from the nerve endings in the 
kidneys to the vasomotor center or sympathetic gang^, with resultant gen- 
eralized vasoconstriction and consequent elevation of blood pressure; 2, afferent 
stimuli from the kidneys, with resultant output of on increased amount of some 
internal secretion which produces vasoccmstriction either by central or peripheral 
action; 3, the accumulation or new formation of some substance, probably of 
renal origin, or a disturbance of equilibrium between substances already present 
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in the blood, resulting in a pressor effect like that of some of the known pressor 
substances. 

Neurogenic Mechanism. In rapid succession the possible part played by 
various portions of the nervous system was investigated. It was soon shown 
that experimental renal hypertension is not caused by a nervous reflex from the 
kidney, affecting the vasomotor mechanism of the body. Renal denervation 
(53, 293); bilateral supradiaphragmatic excision of splanchnic nerves and lower 
dorsal S3rmpathetic ganglia (148); subdiaphragmatic splanchnicectomy, with 
excision of the celiac and upper lumbar ^nglia (25); bilateral section of the 
anterior nerve roots, from the sixth dorsal to the second lumbar inclusive (148) ; 
pithing (destruction of the entire spinal cord) (49, 143) and complete sympa- 
thectomy, including denervation of the heart (7, 117, 199) neither prevent, nor 
aboli^ the hypertension which results from the constriction of the main I'enal 
artery. Under pentothol anesthesia, experimental renal h 3 rpertension persists, 
whereas known neurogenic hypertension disappears (305). These results elim- 
inated a nervous reflex originating in the kidney as the cause of the hyper- 
tension and indicated that a humoral mechanism was probably the cause. Ogden 
(283) however, who concedes that the rmial humoral pressor mechanism initiates 
experimental renal hypertension, believes that he has demonstrated, by ex- 
periments on rats, that it is superseded later by a neurogenic mechanism me- 
diated through the sympathetic nervous system. More work on this phase of 
the subject is required. 

Although there are those who still cling to the idea that essential hypertension 
is endocrinogenic, and due to some disturbance of the h 3 rpophysis, yet the ex- 
periments on animals fail to confirm this. Hypophysectomy (8, 103, 148, 287, 
316) has no definite effect. There is no definite proof (114) that the activity 
of the posterior lobe of the pituitary is altered in experimental renal hypertension. 
There is no difference between hypertensive and normal dogs insofar as the 
quantity of antidiuretic principle in the urine is concerned. During dehydration 
it is increased in both. Removal of the posterior pituitary does not interfere 
with the development of, or lower, experimental renal hypertension in the rat 
(286). The same holds true for the removal of the entire pituitary in dogs 
(148, 316). Thyroidectomy, gonadectomy and pancreatectomy do not affect 
experimental renal hypertension (148). 

Of the endocrine organs, the only one that may possibly play a significant, 
even if only a secondary part, is the adrenal (79), although this conclusion is 
contested (67, 361) on the basis of inadequate evidence. There is no evidence 
to indicate that the medulla of the adrenals plays a part (152), but there is 
definite indication that the adrenal cortex may play a secondary part (148, 431) 
in experimental renal hypertension, although there are those (350, 361) who 
do not concede this. Excision of both adrenals in dogs interferes with the 
development of hypertension due to constriction of the thriti renal arteries, 
unless adequate supportive and substitution therapy are given (148). The 
part possibly played by the adrenal cortex will be discussed further nndAr t he 
heading of the humoral mechanism. 
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Recently Victor (406) reported the production of hypertension in dogs by 
ligation of “hilar artery and vein” and of “grossly visible arteries and veins at 
either the superior or inferior pole” of one adrenal. Although he does not 
state this, yet it is evident that nerve fibers must have been included in these 
ligatures. Victor does not explain or speculate about the mechanism of the 
hypertension. Wo have tied off the hilar part of the adrenal vein and the vessels 
going to and from the upper or the lower pole of one adrenal, in seven dogs, 
without noting any hypertensive effect. This contribution by Victor must 
await confirmation and elucidation. 

The Humoral Mechanism of Eceperimenial Renal Hypertension. The basic 
observation that constriction of the blood supply to the kidney produces ex- 
perimental renal hypertension, and the elimination of a possible primary part 
played by the nervous and endocrine systems, stimulated the search for the 
humoral mechanism of renal origin most probably responsible for the elevation 
of blood pressure in this type of hypertension, and possibly also in human 
essential hypertension. Most recent contributions to the subject have dealt 
with the nature of this mechanism, about which two distinct viewpoints have 
been adopted and investigated: 1, that a kidney the scat of certain pathologic 
conditions may be the source of a substance whicli, when it enteiR the circulation, 
raises the blood presBrnn (297) ; 2, that the normal kidney may be the source of a 
substance the absence, destiiiction or neutralization of which results in hy- 
pertension (172). Most of the evidence, both old and recent, has been in favor 
of the existence of the first mechanism (252, 378), although them are still some 
who are opposed to this theory (396). 

It has been shown that inteiference with the blood supply to any other organ 
but the kidney does not result in either temporary (263) or permanent (162) 
elevation of blood pressure. Constriction of the celiac axis and superior mes- 
enteric arteiy (266), of the femoral and splenic arteries (152) and of the aorta 
below the origin of both main renal arteries (148) does not produce a rise 
of blood piessuro; but constriction of the aorta immediately above the site of 
origin of the main renal ai’teries is followed, in about 24 hours, by the elevation 
of the blood pressure (146, 353, 388). Steele and Cohn (389) believe that the 
hypertension observed in human cases of coarctation of the aorta is like the 
effect of constricting the aorta above the ori^ of both renal arteiies. Anas- 
tomosis between renal artery and renal vein does not result in hypertension (238) . 
The removal of both kidneys, although profound azotemia is a consequence, is 
not followed by the development of hypertension; therefore, renal excretory 
insuflBciency by itself, is not a sufficient condition for its development. This is 
also well demonstrated by the fact that in acute nephrosis, with uremia, produced 
by various metallic poisonings, in animals and man, the blood pressure rarely 
becomes significantly elevated. 

The first, but indirect, evidence in favor of the probable existence of a renal 
humoral mechanism for the elevation of blood pressure in experimental 
renal hypertension was produced by the occlusion of both main renal veins at 
the same time that both mam renal arteries were constricted sufficiently to 
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produce hypertension. The blood pressure did not become elevated, although 
the dogs died in profound lU'emia (148). The arteriolar lesions of the malignant 
phase did not develop in these dogs. Shunting of the venous blood of a dog 
from the only kidney, with renal artery constricted, through the liver, by mpn-nB 
of a reversed Eck fistula, had no effect in either preventing the development of 
hypertension or lowering the blood pressure (50, 405). Any important effect 
of the liver on the pressor substance of renal origin ivas thus excluded. 

A more direct demonstration of a possible hiunoral TY^nfibRniarn occurred when 
it was foimd that if a kidney w’as transplanted to the neck (24, 26, 105, 211) or 
gi'oin (142, 336) of a bilaterally nephrectomized dog or rabbit the usual pressor 
effect resulted when the lenal artery of the transplanted kidney, with no nervous 
connection with the rest of the body, was constricted. Also, the transplantation 
of a partially or completely ischemic kidney from one dog to the neck of a bilat- 
erally nephrectomized dog, resulted in a temporary elevation of the blood 
pressure, after the circulation of the ischemic kidney was restored (33). 

Corrigan and Pines (64) reported a fall of blood piessure in dogs with ex- 
perimental renal hypertension, as a result of renopexy (elevation of the kidney 
for a distance of about 6 cm.) which 'was supposed to increase the outflow of 
blood from the renal vein. Why the blood pressm'c should faU as a result of 
this procedure is not clear. This experiment requires confirmation before it 
can be accepted and evaluated. It may have some significance in connection 
with the problem of hypertension associated \vith ptosis of the kidney (266). 
The study of Gabriele (137), ho'V'ever, indicates "that such a change of position 
of the kidney is likely to reduce profoundly, rather than increase, outflow of 
blood from the renal vein, because the piezometric an^e of the renal artery is 
made relatively acute by this change of position. 

It has 1^ shown that when the main renal arteiy (54, 56, 398), or the entire 
renal pedicle (120, 136, 248, 253) is occluded, for varying periods, in the cat, 
rat and dog, a prompt rise of blood pressure follows the release of the clamp and 
rratorarion of the circulation throu^ ■the kidney, and this occurs even in animals 
mth kidney denervated and central neivous system ablated (64). This effect 
is not prevented by 933Fi (248) or by sodium cyanide (263); but previous 
establishment of tachyphylaxis in cats interferes with the phenomenon (248) 
and it does not occur w'hen similar ischemia of other organs is produced (263). 
This study was earned huther by the demonstration of Prinzmetal, Le^vis and 
Leo (335) and others (233) that saline perfusate of such a totally ischemic kidney 
produced a definite rise of blood pressure when it was injected intravenously 
^o o^er animals of the same or different species. Boylston and collaborators 
(^) did not find a pressor substance in the saline perfusate of a partially ischemic 
kidney, but this may be cxplaiaed by the prolonged perfusion which they 
practiced. 

The presence of a vasoconrtrictor substance in the blood plasma from the 
reiml vein of a dog with experimental renal hypertension due to incomplete con- 
stnotion of the main renal artery has been demonstrated by some (32, 106, 197, 

» This is piperidomethyl-bensodioxane, which is usualiy referred to as Fournier 033 or 
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212, 213 398) and not by othera (265), by the Liiwcn-Trcndelenburg technique, 
in the South American toad. Some investigators (126, 198, 223, 334) failed to 
demonstrate pressor substance in the systemic blood of hypertensive dogs or 
human beings and there was also no effect of blood from hypertensive dogs on 
the tonus of suiviving arterial rings (422, 423). But Solandt and collaborators 
(385) did observe a definite rise in the blood pressure of a bilaterally nephrecto- 
mized dog to which was given a dii’cct transfusion from a hypertensive dog; and 
Braun Menendez and Fasciolo (32) obtained & pressor effect in a normal dog as 
a result of the intravenous injection of 100 cc. of renal venous blood from the 
transplanted renal ischemic kidney of another dog. 

That the hypothetical effective vasoconstrictor substance is not S 3 anpathi- 
comimetic is sho^^n by the fact that 933F (piperidomethyl-benzodioxane) does 
not have any greater effect on the blood pressure of a hypertensive animal than 
of a normal one, A\hereaR, in both, the effect of epinephrine is completely re- 
versed by an injection of 933F (119). 

All the work outlined above pointed directly to a chemical agent of renal 
origin as the probable cause of the hypertension. The search for this agent 
began with the resurrection of an old observation made by Tigerstedt and Bei’g- 
man (402) confirmed by othera (187, 188, 197), namely, the presence of a sub- 
stance in the cinde saline extract of a normal rabbit kidney, capable of inducing 
a pressor effect when injected intravenously into a normal rabbit. This sub- 
stance, which Tigerstedt and Bergman called Re-nin' (ro'-nin, in English) is now 
accepted as the basic substance of the humoral mechanism of experimental 
renal hypertension. Fiinzmetal and collaborators (333) and others (433) found 
a greater amount of this pressor substance in the kidneys of dogs, but not rabbits, 
with experimental renal hsrpertension, and of hypertensive persons (393). Al- 
thou^ this substance seemed to possess at least some of the basic requirements 
for the hypothetical pressor substance of experimental renal hypertension, yet 
its lack of vasoconstrictor properties (121) led two independent groups of in- 
vestigators (36, 233, 234, 277, 278, 287, 308) to the realization that renin is not 
a direct pressor substance, but a key substance (241, 245) of the humoral mech- 
anism which acts upon a substi'ate in the blood, to form a now substance, that 
is vasoconstrictor and thei'efore pressor. 

In 1940, Landis (236) wrote, “The evidence that renal ischemia raises the 
blood pressure by a humoral mechanism seems unassailable”. Yet Dock (88, 
89), os the result of some acute experiments, has arrived at the conclusion that 
there is no peripheral vasoconstrictor in the blood of the hypertensive rabbit. 
Because the pithing of a normal rabbit, with blood pressure kept elevated by an 
infusion of renin, did not result in the fall of blood pressure (unless the infiiRian 
was stopped) while it did fall when a hypertensive rabbit (not receiving renin) 
was pithed, he concluded that in the latter the normal vasomotor mechanism 
was called into play and the vasoconstriction was abolished. A possible ex- 
planation, which has not been tested, is that the immediate ^ect of pithing is, 
temporarily at least, to abdUsh the output of the primary constituent of the 
iiumoral mechanism. This should be investigated. 

In recent years, as a result of work on i^ock, evidence has been accumulating 
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wliich indicates that the normal kidney may play a part, even in the homeostatic 
regulation of normal blood pressure, through the humoral mechanism of renal 
origin which begins with the secretion of renin (184, 207, 216, 284, 366). There 
are those who doubt this. The low blood pressure in shock (hemorrhagic or 
otherwise) induces the secretion of renin and the formation of hypertensin 
(66, 83) in the blood. Shock due to hemorrhage produces a lowering of hy- 
pertensinogen (66, 83) in the blood of otherwise normal dogs but not in ne- 
phrectomized dogs or in dogs treated with KCN. 

A generally accepted terminology for the constituents of the humoral me- 
chanism has not yet been established, and none of the substances has been 
isolated in pure form. At the present time, the mechanism is supposed to be as 
follows, and the following names are in use by different investigators for the 
various substances which constitute this mechanism: 


Renin 


an enzyme from Hypertensinogen 

the kidney, enters Prehypertensin, 

the bloodstream Hypertensin-precusor 

through the renal Penin-substrate 

a globulin 
in the blood 
plasma, to form 

vein, and aots upon 

Hypertenain ffypertenainase 

Angiotonin 

an enzyme in 

a polypeptide, which is 

the blood and 

the active vasoconstrictor 

in extracts of 

substance, and which can 
be inactivated by 

some organs. 


The name renin activator, originally proposed for the stubstrate, by Page, 
should certainly be abandoned, because the term is misleading, since the sub- 
stance it represents does not activate anything, and is actually acted upon by the 
renin. It has been shown that it is contained in the aj globulin fraction (327). 

Agreement upon a single nomenclature would be highly desirable, and the 
author suggests the acceptance of renin, hyportensinogen, hypertonain and 
hypertensinase as the most appropiiate names for the constituents of the hiunoral 
mechanism of renal hypertension. 

The following is a brief summary of the chemical and physiological properties 
of th^ substances: 

Renin, Chemicd properties. Penin has not yet been isolated in piue form, 
althou^ several attempts to purify it have been made (22, 62, 84, 104, 19l| 
228, 322, 368). All that can be said is that it is either a protein, a protein-like 
BubstanM, or containB protein as a contaminant (181, 191, 262, 321). It is 
present in the press-juice (187, 188) or in various extracts (35, 196, 218, 241, 321, 
326, 329, 396, 441) of renal cortex (not medulla) and does not occur in aimiUr 
^cts of other organs (spleen, liver) (121). It is thermolabile (destroyed 
heat above 66 C) and not dialyzable. In an electric field, renin migrate to 
the cathode, the isodectrio pdnt being between pH 6.6 and 7.6. The results of 
studies on the behavior of renin subjected to precipitation with ammonium 



BENAL OBIGIN 07 HTPSBTSNBION 


133 


Bulphate and dialysis suggest that it is a pseudoglobulin (181) but this has not 
been established beyond question. M<»t investigators regard it as a proteolytic 
enzyme (278, 309) extractable by various methods from all Tnfl.-mTnfl.1ifl.Ti normal 
kidneys and from the kidneys of other animals (321, 434, 440). Plentl and 
Page (328) found in their purified renin the enzymes pepsin, trypsin, cathepsin, 
aminopeptidasc and carboxypeptidase. They were not able to identify one 
of these enzymes as being specifically the enzyme renin, althou^ they were 
able to exclude aminopeptidase and carboxypeptidase. But Wintemitz and 
collaborators (441) have asserted that renin, in very pure form, is free of or- 
dinary enzymatic activity. Various methods for extraction and purification 
have been described (62, 181, 262). 

The preparation and isolation of renin, by extraction, are best carried out 
under aerobic conditions, because anaerobic conditions favor the formation 
of pressor amines, tyramine, isoamylamine and probably ethylamine (91). 
Kidneys from yoimg rats have been reported to contain more renin than those 
from old rats; but old rats are more sensitive to parenterally administered renin 
(182). This stiidy should be repeated on rats and other animals by use of more 
recently developed methods for extraction and assay. 

Physiological properties. Benin is effective in raising blood pressure, when it 
is injected intravenously into animals, but it is not vasoconstrictor when dis- 
solved in saline and perfused throu^ a circulatory system from which the 
blood has been washed out. It is not a direct pressor substance (36). The 
physiological effects of renin injected intravenously into a normal animal are 
identical with the hemodynamic state of animais with e:q)erimental renal hy- 
pertension. It is not species specific for animals; all renin, including human, 
when injected intravenously, produces a pressor effect in all animals. But 
no animal renin so far produced has a pressor effect in man, who responds only 
to human renin (403). The pressor effect of renin is produced indirectly by the 
interaction of renin and hypertensinogen, a globulin in the blood plasma. This 
results in the formation of a new substance, hypertensin, which is the effective 
vasoconstrictor and therefore the true pressor substance. The site of action of 
renin itself is therefore in the blood and not on the vasomotor endings of the 
peripheral arterioles (402) or directly on the arteriolar muscle (2, 296), as was 
thou^t at firet. In the mbbit, the pressor effect of renin is abolished or lowered 
by ether anesthesia (367), but this is not true of the dog. 

• Tigerstedt and Bergman (402) reported that renin exhibits tachyphylaxis, 
which means a decrease of the I'esponse of the animal to repeated intravenous 
injections of the same amount of renin, provided these are made only a few 
minutes apart. This has been confirmed by others (191, 197, 228, 240, 241, 
268, 295). This effect is independent of anesthesia, type of anesthetic, type and 
method of preparation of renin and occurs in a bilaterally nephrectomized 
fl.TiiTTifl.1 (413). It produces no direct effect on the isolated perfused heart (197, 
200) but when injected intravenoudy into an animal, increases the force of 
cardiac action. When it is injected intravenously, it produces its effect even in 
an fl.TiTTnfl.1 with spinal cord sectioned or destroyed (272), and its pressor effect 
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is not the result of the stimulation of an endocrine organ. It produces its effect 
in the absence of hypophysis and adrenals (272). In the rat, it is said to 
be effective when injected intraperitoneally, and more effective in the bilat- 
erally nephrectomiz^ than in the normal rat (115, 272). This should be 
tested on dogs and other animals. It does not produce a reduction in peripheral 
blood flow or a fall in the temperature of the siu^ace of the skin (221). Its 
effect is not reversed by 933F (^2), or ergotamine tartrate, nor is it enhanced 
by cocaine. It has a more prolonged vasopressor effect in bilaterally nephrec- 
tomized ftnimalR (348), probably on account of the increase of hypertensinogen 
m the blood of such animals. Renin injected intravenously into the normal 
rabbit produces diuresis and increased excretion of sodium chloride (323) . It has 
been asserted that extracts containing renin from the Iddnej^ of animals with 
experimental renal hypertension and of acutely and completely ischemic kidneys 
contain more renin than the extract of the opposite normal kidney, or of normal 
kidneys from other animals. But Tandia (237) was unable to correlate the renin 
content of the kidney and the physiological state of the kidney. This work 
should be repeated with the use of the more recently devised methods of ex- 
traction and assay. 

The presence of renin in the renal venous blood and systemic blood of animals 
with experimental renal h 3 Tpertenaion has been inferred from the production of 
hypertensin, when the blood was added to hypertensinogen and incubated vdth 
it (80, 105, 298), Dexter and Haynes (82), by this indirect method, measured, 
the amount of renin in the systemic blood of human hypertensive patients. 
They found renin only when the blood pressure was rising abruptly (eclampsia 
and acute glomerulonephritis) ; none in the blood of patients with benign essential 
hjTpertension. On this account they suggested that renin may be involved only 
initially, during the development of hypertension. The existence of renin in 
renal venous blood from a human kidney, the lenal vein of which had been 
occluded for 12 minutes, has been reported (338). The criticism of most of 
the negative results is that too much renin is expected and therefore too small 
a qufmtity of blood has been tested. GoUan, Richardson and the author (un- 
published), by incubation of larger quantities of blood, and with proper pre- 
cautions to prevent the action of hypertensinase, have been able to demonstrate 
the formation of hypertentin by the action of renin on the natural hypertensino- 
gen in the blood of dogs with experimental renal hypertension, both benign and 
malignant. In the animals, in the malignant phase, there was much more hyper- 
tensin in the final product, and therefore presumably more renin in the blood. 
A more direct way of determining the renin content would be to measure the 
rate of formation of hypertensin. 

The action of renin is not affected by hypophysectomy, thyroidectomy, 
splandmicectomy, gonadectomy, splenectomy, pancreatectomy, abdominal 
evisceration or destruction of the spinal cord (272, 278, 435). Bilateral adrena- 
lectomy, althou^ it has no immediate effect (272), is followed by a progressive 
decrease in the response to the intravenous injection of' renin (210, 278). By 
slow intravenous administration of a small amount of renin, the blood pressure 
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w as kept ele'vated about 30 mm. above normal, for four hours. Larger quantities 
produced imto-tt'ard circulatory disturbance (201). With one exception (430), 
investigators agree that the effect of the purest renin so far produced is not 
potentiated by cocaine or revei’sed by ergotamine tartrate or 933F. Its ultimate 
effect is thci'eforo diffei’cnt from that of known sympathicomimetic pressor 
amines. Its action differs from that of adrenalin, pituitrin and tyramine. 
The pressor response to an intravenous mjection is more delayed because for- 
mation of the true vasoconstrictor substance, hypertensin, has to occur during 
this interval. The rise of blood pressure is not as steep and lasts much longer. 
It takes about tw’o minutes for a unit of renin to produce its mfl.viTtmTTn rise of 
30 mm. Hg direct mean pressure and the gradual return to normal may take 
as long as 30 minutes. The rise of blood pressure is not associated with a de- 
crease in peripheral blood flow. 

The action of the purest renin so far produced (191, 197, 228, 240, 241, 268, 
396, 436, 441 ) is no different from that of crude renal extracts that do not also 
contain a depressor substance. According to Grollman and collaborators 
(172, 433) the amount of renin in a kidney extract, or its apparent concentration, 
depends upon the care of the tissue prior to its preparation, the method of 
preparation and the duration of time bctw'ecn the preparation of the extract 
and its assay on a test animal. The last part of the statement must apply only 
to very crude extracts, because the author has assayed moderately purified 
liquid, frozen or lyophilized preparations of renin several times during a period 
of three years without noting much deterioration in any of them. All prepara- 
tions of rmiin were sterilized originally by filtretion through a Seitz filter, and 
kept in sterile condition, without the addition of preservatives, in sealed vials. 
The liquid and lyophilized renins were kept at 4®C., while the frozen renin 
was kept at — SO^C. 

Fate of Renin in Hie Body, The finding of Tigerstedt and Bergman (402) that 
bilateral nephrectomy increases the sensitivity of the organism to an intravenous 
injection of renin has been confirmed by othci-s (115, 272, 310, 411); but their 
idea that the kidney eliminates renin has not been confirmed, because it has 
been found that only ■when large quantities of renin are suddenly injected intra- 
venously docs it appear in small quantity in the urine. The maximum excretion 
occurs in about one hour after the injection (209). Because the absence of 
the liver and kidneys delay's the rate of disappearance of I'enin injected intra- 
venously, Leloir and collaborators (247) concluded that both play an important 
part in ihe elimination of renin from the body. The main mechanism of elim- 
ination of renin from the circulation is now considered to be destruction by the 
tissues of the body, including the kidney and liver (209). 

The Unit of Renin. Various units have been suggested and different methods 
for the purification and bioassay of animal renin have been described (62, 161, 
181, 191, 228, 239, 246, 267, 272, 321, 324, 329, 343, 369, 396, 410). A special 
method for the assay of human renin has been described (84, 280). It would be 
hi^y desirable to determine the best method, and agree upon a unit, for anhnal 
and human renin, in order to have at least one good bosiB for the comparison of 
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results obtained by different investigators. Leloir and collaborators (246) 
defined a unit of renin as the quantity which, when incubated with hyper- 
tensinogen in excess, at 37°C. and pH 7.6, produces 0.6 unit of hypertensin in 
two hours. We have used the direct method for the assay of animal renin 
(161) and have defined the dog unit as the quantity which, when injected in- 
travenously into normal unanesthetized dogs, ^viU cause a rise of direct mean 
pressure of 30 mm. Hg. This has proved a very useful method for purification 
studies (228). A method for the study of the reaction kinetics of renin has been 
described by Plentl and Page (326). 

HypertermTMgen, This is a protein (327) of the blood plasma upon which 
renin acts to form the vasoconstrictor substance hypertensin (angiotonin). It 
is thermolabile, not ultrafiltrable, and not dialyzable. It is a pseudoglobulin 
(34, 278, 279, 360) and a constituent of the aa-globulin fraction (327). Serum 
albumin and hemoglobin do not act as renin substrate. Edman (97), however, 
considers that the method and conclusions of this study by Plentl, Page and 
Davis (327) are “not entirely above criticism”. A method for its preparation 
in relatively pure form, from beef serum, has been described (360). It is pre- 
cipitated from serum by ammonium sulphate between 0.30 and 0.41 saturation, 
at pH 6.8, and does not precipitate after dialysis against distilled water. 

Renin extracted from the kidneys of mfljT>Tna.lR reacts to form h 5 q)ertensin 
with hypertensinogen from any mammal, with the exception of man. Human 
renin is active on the hypertensinogen of any mammal including man. Renin 
is found in the kidneys of chickens and ducks and it reacts with hypertensinogen 
from any of those birds but not with Tnfl.TnTna.1iH.Ti hypertensinogen. Mam - 
malian renin is not active on avian plasma. There seems to be no renin in the 
kidne}^ of toads or sharks (14). 

The reaction between renin and hypertensinogen is enzymatic and specific 
in the sense that only blood plasma or serum of various kinds acts as the sub- 
strate. Hemoglobin, liver, spleen, thymus, testis, lung, heait, skeletal muscle 
and vegetable protems do not act as renin substi’ate. It requires only a HTYifl.ll 
amount of renin in proportion to the amount of substrate in the blood to bring 
about the opt imum reaction, and the amoimt of hypertensin foimed is pro- 
portional to the amount of blood globulin. The action is not greatly affected 
by temperatures up to 37®C, for althou^ it is hastened by incubation, at 37°C, 
yet it is only sli^tly retarded, and goes on to completion, at 0°C, oven in the 
pre^ce of hypertensinase (366). (See under Hypertensinase.) The effect of 
renin on hypertensinogen cannot be reproduced by pancreatin, papaine or extract 
of liver or spleen, nor by pepsin at the pH of the blood (see Pepsitensin). 

According to Leloir and collaborators (246), the quantity of hypertensinogen 
is about the same in Ihe blood of normal dogs, cows and pigs, while the horse 
has a little 1^. Lymph contains as much hypertensinogen as plasma (134). 
The amoimt of hypertensinogen is increased in the blood of bilaterally ne- 
phrectomized animals (246, 278). It is not affected by hypophyBectomy. 
Adrenalectomized rats are less sensitive to an injection of renin (431) and hy- 
pertensinogen was found greatly decreased in bilaterally adrenalectomized 
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animals (138, 148, 245, 252) and in do^ ^vith hemon’hagic shock (56), in human 
hepatic in&uflSciency (190), but not in one case of Addison’s disease (189). It is 
not increased in the blood of hypertensive animRia or in human hypertension 
(189). Adequate substitution therapy of adrenalectomized animals with 
adrenal cortical extract I'esults in the return of hypertensinogen in the blood 
to the normal level. Repeated injections of renin, ^vith final tachyphylaxis, 
are said to deplete the hypei’tensinogen in the blood (278). It is probable that 
hypeitensinogen is formed in the liver (245). Hepatectomy and destruction 
of the liver by chlorof oim poisoning cause hypertensinogen to decrease in amount 
and even to disappear from the blood (148, 252, 314) and it is often significantly 
decreased in human hepatic insufl&ciency (189). Hepatectomy causes a decrease, 
but if bilateral nephrectomy is performed at the same time, then there is no 
diminution, because no renin is being liberated to use up the h 3 q)ertensinogen 
(247). 

Unil of Hypertensinogen. This may be defined as the amount of hyper- 
tensinogen which, with an excess of renin, and in the absence of h 3 q}ertensiaase, 
will produce a unit of hypertensin. 

Hyperiensin (Angioionin). The substance formed by the action of renin on 
h 3 q)ertensinogen is the final effector, vasoconstrictor, and therefore pressor 
substance of the humoral mechanism of renal hypeilension which causes the 
increased tonus of the smooth muscle of the arterioles w'hen renin is injected 
into, or presumably enters, the blood stream (279). It was discovered inde- 
pendently by two groups of workers who gave it the names hypertensin (36) 
and angiotonin (308). If it is finally proved that the product which results 
from the interaction of renin and the substrate m the plasma of hypertensive 
rtiittirIb and man is the substance that causes persistently elevated blood pressure, 
then the term hypertensin of the South Americans (279) will be the more ap- 
propriate. It has already been shown (36) that when hypertensinogen is added 
to the blood plasma or seinm from the blood of a totally ischemic human kidney, 
and the tv\’o ai’e incubated under conditions that prevent the action of hy- 
pertensinase, a substance results which has all the properties of hjqwrtensin 
(338). Evidence is accumulating that renin, (and therefore hypertensin) is 
present in the systemic blood of hypertensive animals and man. This is one 
of the most important problems that I’emain to be settled. 

Chemical properties. Hypertensin is soluble in water, 96 per cent ethanol, 
75 per cent acetone, liquid phenol, glacial acetic acid and methylene ^ycol, 
but insoluble in ethyl ether, chloroform and amyl alcohol. It is dialyzable and 
thermostable (resistant even to boiling temperature), alkali-labile, (destroyed 
completely byboilingfor 1 hour at pH 10), relatively acid-stable (does not become 
inactivated by boiling for 2 hours in IN HCl), can be precipitated with phos- 
photungstic acid, is destroyed by oxidation and acetylation with ketene (331), 
but is not affected by reducing agents (309). It is fluorescent and gives the color 
reaction for argiiiine, but it is not destroyed by the action of arginase (73). A 
positive Sakaguchi reaction is its only reaction for protein (309). It contains 
tyrosine and histidine, but not cysteine, tryptophane or proline (73). In 
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electrophoresis experiments, hypertensin behaves as an amphoteric electrolyte 
of neutral character (73) . Cruz Coke has outlined the similarities and differences 
between hypeitensin and the pituitary pressor hormone (73). That the reaction 
between renin and hypertensinogen is disintegrative is indicated by the fact 
that pepsin, a known proteolytic enzyme, may replace renin in this reaction, 
but only at a very low range of pH. Pepsin is inactive in the optimum range 
of pH for the activity of renin, and does not produce a pressor effect upon in- 
travenous injection. That the reaction between remn and hypertensinogen is 
enzymatic is now generally accepted (325). Hypertensin is also destroyed 
slowly by hydrolysis, by proteases and peptidases (73). It is now considered to 
be a polypeptide of low molecular wei^t (244), although Page and Helmer (309) 
found tMt it gave a negative biuret. It is destroyed by pepsin, trypsin, papain 
(36, 96, 278) and extracts of some organs, as well as by fresh normal blood 
plasma, serum and laked blood corpuscles, all of which contain hypertensinase. 
The vasoconstrictor effect of hypertensin is inactivated by amino-oxidase from 
liver of sepia officiaalis and tyrosinase from Psalliota campestris (66). It is 
easily destroyed during pmification, for unknown reasons (244). Cruz Coke 
(73) lists a number of chemicals which partially or completely inactivate hy- 
pertensin, the most important being iodine. The effect of the latter is due to 
the transformation of the tyrosine in hypertensin. He also emphasizes the 
accelerated destruction of hypertensin by hypertensinase upon the addition of 
oxidized cytochrome C to renal extract containing hypertensinase. 

Crystallization of angiotonin in the form of its picrate and oxalate has been 
reported by Page and Helmer (309), but this result was not confirmed (330). 
Eecently a preparation of hi^ potency was obtained by Edman (97). As 
little as 0.6 7 elicited an appreciable effect on the blood pressure of a cat. Cruz 
Coke (73), by means of anionic resin has been able to purify hypei'tensin, so that 
it had only 0.08 mgm. N per unit. Cationic resin adsorbed the hypertensin, 
but it Tvas not possible to elute it. The melting point of this substance in pure 
form has not yet been reported. The effect of proteolyrtic enzymes on partially 
purified anpotonin has been investigated (330), but the authors state that 
“such a study cannot be taken as offering proof of the structure of this 
substance”. 

The most recent important contribution to the subject of the purification of 
hypertensin is by Edman (97) whose method consists of chi’omatography, pre- 
cipitation with nitranilic acid and electrodialyrsis. He obtained in this way a 
600-700 fold purification of the active principle, but the yield was only 3 per 
cent. This great loss he attributes to the lability of the hyi)ertensin structure. 
His highly purified hypertensin is almost 40 times more effective in raising blood 
pressure than a comparable amount of tyramine phosphate. He regards his 
product as essentially pure, judging by it® behavior on partition chromatography 
on filter paper. By means of electrophoresiB he determined the isoelectric 
point to be at pH 6.8. From the diffusion constant of his hypertensin in pure 
water he calculated the molecular wei|hi' to be 2700. By TnAana of paper 
chrmnatograpby, and some preliminaiy quantitative determinatioiis, he found 
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in his h3rpertensin the amino adds lysine, histidine (28 per cent), glycine, ala- 
nine (3.8 per cent), serine, proline (5 per cent), valine, tyrosine (2 per cent), 
leucine (or isoleucine), aspartic acid (4.6 per cent) and glutamic acid (5 per cent). 

Physiological properties of hypertensin. The pressor effect product by an 
intravenous injection of hypertensin is immediate and steep, like that of adren- 
alin. The maximum rise from the intravenous injection of a unit of hyper- 
tensin occurs in a minute or less and the return to normal in three minutes or 
less. Accompanying the hypertensive effect of hypertensin, as in the case of 
renin, there is no change in blood flow through the skin, as measured bj' tem- 
perature of the skin and by direct observation of blood vessels growing in a 
wound in the skin of a rabbit’s ear (301). There is a decrease in the volume of 
the spleen and kidney (36), a decrease in coronary blood flow, increase of venous 
pressure and decrease of renal blood flow. Hypertensin produces no significant 
symptoms, except forceful heart beat, when it is injected intravenously into man 
(301). In vagotomized dogs the heart rate is not modified (36). Continuous 
intravenous injection produces an increase of blood pressure which is maintained 
during the period of injection (36). On isolated intestinal strips hypertensin 
has a stimulating effect(309) and a similar effect is produced by it on nearly all 
smooth muscle. 

Hypertensin shows no specificity. This product of the reaction between 
mammalian renin and hypertensinogen shows its characteristic pressor effect 
in dogs, chickens, toads and snakes. Dogs and chickens do not exhibit tachy- 
phylaxis as a result of repeated injections of hypertensin. Toads and snakes 
are rapidly rendered tachyphylactic (14). 

The assertion of Page and Helmer (301) that repeated injections of angiotonin 
produce tachyphylaxis by the method of perfusion of the rabbit’s ear has not 
been substsmtiated by the work of others (278) vith the repeated injection 
in vivo. The method of perfusion of the rabbit’s ear is notably unreliable and of 
questionable value in this connection. Existence of angiotonin activator, postu- 
lated by Page (301), was not confirmed. As in the case of renin, injected in- 
travenously, the pressor effect of hypertensin is unaffected by cocaine (191,309), 
atropine (309), ergotamine (191), 933F, or stilbestrol (309). It is therefore 
not a sympathicomimetic substance. The effect is greatly increased in bilat- 
erally ncphrectomized dogs. Hypertenrfn, like renin, when injected intra- 
venously, induces a pronounced but transient rise in potassium and a greater 
and more prolonged rise of sugar in the blood of dogs imder the influence of 
chlorolose. No special significance has been attached to these observations and 
they have not been confirmed (113). The striking difference between renin 
and hypertensin is that hypertensin produces vasoconstriction when it is added 
to Ringer’s solution and perfused through an isolated organ from which the 
blood has been washed out, while imiin in Ringer’s does not have this effect. 
The direct effect of hypertensin and the indirect effect of renin are exerted on 
the musculature of the peripheral blood vessels. Large doses of hypertensin 
injected intravenously into normal persons caused a decrease in blood volume 
and cardiac output, as measured by the ballisto-cardiograph (400). The effect 
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of hypertenhin injected intravenously is not affected by vagotomy, excision of the 
carotid bodies, splanchnic ner\’es, pituitary, pancreas, liver or adrenals, by 
e^dsceration, de&tinction of the adrenal medulla or rapid elimination of the 
central neivous S 5 ^tem, in cats and do^ (97, 307). 

The finding of Page and collaborators (233, 295, 298, 299, 300, 302, 304) that 
there is in the peripheral systemic blood of hj^widensive animals and man a 
vasoconstrictor “angiotonin-like substance”, not present in the blood of normo- 
tensives, has not been confirmed. There is no proof that this hypothetical 
substance is identical with renin or hypertensin. These studies were also 
carried out by the rabbit’s ear perfusion method, so the results will require 
confirmation by some other method before they can be accepted. The same 
holds true for the demonstration of a pressor substance in blood perfused through 
an isolated kidney T\ith renal artery constricted, demonstrated by the same 
method (233). 

Gregory and collaboiators (162) have failed to demonstrate an increase of 
vasoconstrictor substance for frogs in the ultrafiltrate of blood plasma of human 
beings with essential hypertension of long duration. Basing themselves on the 
results of a quantitative method of questionable value, they concluded, without 
full justification, that essential hypertension is probably not c.aused by an in- 
creased production of hypertensin. Dexter and Haynes (82) failed to produce 
hypertensin -when they added hypertensinogen to the systemic blood of patients 
with essential hypertension. For the present, at least, the most obvious criti- 
cism of this work is that the amount of blood tested has always been too small. 
More studies of larger amounts of blood are necessary. The failure of GroUman 
and Rule (177) to demonstrate a pressor effect in the normal rat of parabiotic 
twins, of which one was hypertensive, on a renal basis, does not disprove the 
existence of a humoral mechanism in this type of hypertension and does not 
prove their contention that the normal kidney elabomtes a substance the absence 
of w’hich results in hypertension. The explanation of their results may be simply 
the blow’ passage of the hypertensin from one animal to the other and tho rapid 
destruction of that which does pass across (31). 

Unit of Hypertensin. This is best defined as the quantity of hsnpertonsin 
which, w'hen injected intravenously in the unanesthetized trained dog, mil give 
a rise of 30 mm. Hg direct mean femoral blood pressure. Braun-Menendez 
and collaborators (36) consider an elevation of 20-30 mm. as a unit, because of a 
greater variability of response to the same dose than we have noted. This 
difference may be due to the fact that our animals are well trained and lie quietly 
during a determination. This is a necessary condition for uniform results from 
injections of renin or hypeitensin. They have published a curve of the pressor 
effects of various amounts of hyi^rtensin from which the number of units is 
estimated by interpolation (36). This is not accurate, in our experience, since 
the pressor response to hypertensin is not a linear function of the concentration of 
hypertensin. It W’ould be highly desiiable to agree upon one method. 

PepsUendn, It has been shown by Croxatto and collaborators (68) that 
pepsin, if it acts on blood ^obulin, at pH 3.0, or lower, can produce, by peptic 
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digestion of the protein, a vasoconstrictor and pressor substance which they 
have called pep>sitensin and which they assert is identical in chemical and phar- 
macological properties ^^ith hypertensin, except that pepsitensin is not 
inactivated as rapidly by hypci*tensinase (G, 37). This difference is attributed 
to impurities in pepsitensin and it is asserted that the purer the pepsitensin the 
more sensitive it is to inactivation by hypertensinase and other proteolytic 
enzymes (73). Hypertensin is more easily destroyed than pepsitensin by the 
action of pepsin. This is to be expected, since pepsitensin results from the 
action of pepsin on blood globulin. Renin and pepsin, however, do not act on 
exactly the same substrates. Plasma globulins acidified to pH 2 and then 
neutralized, or precipitated with alcohol and ledissolved, no longer yield hyper- 
tensin with I’enin, but still yield pepsitensin with pepsin. It would seem that 
pepsin acting on denatured globulin is capable of producing a pressor substance, 
while renin fails to do it (244). The existence of pepsitensin has been confirmed 
by otheis (192, 424), including ourselves. What significance these experiments 
will have eventually in connection with the humoral mechanism of renal hyper- 
tension it is difficult to estimate at this time. For the present they merely 
indicate the probable non-specific character of the renin-hypertensinogen re- 
action, and the disintegrative nature of this reaction, which results in the for- 
mation of an active pressor substance. 

Hypcrfmstndse. It was noted by Page and Helmer (310) that when renin was 
incubated with plasma or serum, angiotonin w^as formed, but that continued in- 
cubation resulted m the destruction of the angiotonin. They attributed this 
to the effect of the renin. Mufioz and collaborators (278), however, showed 
that this inactivating effect of the renin could be eliminated while the capacity 
of the renin to produce the pressor substance remained unaffected. This led 
them to postulate the existence of another enzyme associated with impure renin. 
For this enzyme the name hypertensinase was chosen by the South Americans 
(107), and it has been called angiotonase, to correspond with angiotonin, by Page 
and collaborators (313). 

Hypertensinase is a hydrolyzing enzyme, or group of enzymes (107, 278), 
present in blood plasma and scrum, in Inked red blood corpuscles, and in extract 
of organs, especially intestine, kidney, pancreas, spleen and liver, with the 
ability to destroy hypertensin in vitro. Intestinal mucosa is the richest source 
of this enzyme, while blood serum and plasma that are not hemolyzed contain 
only a relatively small amount (107). There is no increase of hypertensinase in 
hypertensive dogs (81) or man (190). 

Properties. Hypertensinase is a protein and an enzyme, or mixture of en- 
zymes, not diolyzable, and precipitable by half saturation with ammonium 
sulphate. It is acid and heat labile (destroyed at 60°C. or over). The acti^dty 
of hypertensmase is optimum at a pH between 7.6 and 8.5. This enzyme is 
inactivated, if kept at pH 3.9 for 16-20 minutes, at 37®C., even in the presence 
of renin and hypertensinogen. The action of hypertensinase is greatly decreased 
at 18°C. (13) and becomes negligible at 0®C. (366), at which temperature the 
reaction between renin and hypertensinogen is only slightly retarded, but may 
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go on to completion. Although hypertensinase has not yet been isolated in 
pure form, Croxatto and collaborators (69, 70, 71) have concluded that its 
effect on hjTJertensin is due to a peptidase, and most probably an aminopeptidase 
action (72). This agrees with the finding that the hypertensin inactivating 
effect of an extract of pancreas is due to carboxjTjeptidase (330). Their con- 
clusion, on the basis of inhibition experiments, is that the hypertensinase effect 
of renal extract and of laked red blood corpuscles is partly proteolytic and partly 
an oxidase effect. From renal extracts it is difficult to obtain hypertensinase 
free of renin, but the hypertensinase may be easily destroyed in a solution of 
renin. There is some probability that the kidney may be the main source of 
the hypertensinase in normal blood plasma. This is indicated by the fact that 
there is almost complete absence of hypertensinase in the blood of bilaterally 
nephrectomized dogs. There is less hypertensinase in lymph than in plasma 
(134). The fact that the blood from the ischemic kidney contains less hyper- 
tensinase than normal blood may mean that the ischemic kidney produces less 
(426). The exact part, if any, played by hypertensinase in the maintenance of 
normal or elevated blood pressure is not yet elucidated. 

The Unit of Hypertensinase. This has been defined as the smallest amount of 
hypertensinase which is capable of inactivating one unit of hypertensin in 30 
minutes at 37.5‘*C. The technique for the determination of this unit is to com- 
bine variable amoimts of hypertensinase with a constant amount of solution 
known to contain one unit of hj’pertenain. The mixture is incubated for thirty 
minutes at 37-38®C. and is then injected intravenously into a normal, unanes- 
thetized trained dog. The least amount of hypertensinase which destroys the 
entire unit of hypertensin, so that there is no rise of blood pressure after its- 
intravenous injection into an animal, is the unit of hypertensinase (107). 

Mechanism and Site of Formation or Release of Renin. Despite the vast 
amount of work that has been done on the properties of the various constituents 
of the humoral mechanism of experimental renal hypertension, but little of a 
defimte nature has been established beyond question about the mechanism and 
site of formation and release of renin, upon the action of which the formation 
of hypert ensin depends. Although Leloir (244) states unequivocally that most of 
the known facts about the mechanism of action of renin are consistent with its 
being the cause of renal hypertension, yet Grollman (166) even questions the 
existence of preformed renin in the kidney, and considers that it is merely the 
product of autol 3 ^sis in vitro. His experiments may merely indicate that in 
the Hving anima l a renin precursor, prorenin, as it leaves the living cell, undergoes 
a change which transforms it into renin, and that the same transformation can also 
occur in vitro. Analogous tranrformations are known to occur in proteolytic 
enzymes; for example, the formation of trypsin or pepsin from their inaclive 
precursors. 

Exactly what takes place in the kidney, with mfl-in renal artery constricted 
adequately to give h 3 T)ertenaion, without causing obvious degeneration or 
necrosis in the substance of the kidney, is not w'ell known. The observation of 
decreased oxygen c onsump tion by the ischemic kidney (249) or by ischemio 
renal tissue (140) has been confirmed (339); but the result has been questioned 
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on the ground that the reduction may be due to death of a certain number of 
cells and not to interference with the function of all (264). Inhalation of 7-10 
per cent O 2 did not cause a greater rise of the blood pressure of hypertensive dogs 
(390), and continuous inhalation of 100 per cent oxygen for 48 hours failed to 
lower their blood pressuie. This has been interpreted as not being in favor of a 
Tiypothctical anoxemic factor in the pathogenesis of experimental renal hyper- 
tension. Yet Cruz Coke (73) has arrived at the view that tissue anoxia, es- 
pecially renal, plays an important part in the humoral mechanism of renal 
hypertension. The criticism of the experiments on oxygen consumption may 
also possibly .apply to the demonstration of a great diminution of the C3rtochrome 
C concentration and the activities of the cytochrome oxidase and succinic de- 
hydrogenase in slices and homogenates of the kidneys of hypertensive dogs (340) . 
More work of this kind must be done before its significance can be evaluated. 

The site of origin of renin, at least in vitro, has been investigated, and the 
evidence at the present time is that it originates in the cortex of the kidney and 
especially in the lining epithelium of the convoluted tubules. The fact that 
extract of aglomerular midshipman fish kidney contains no renin (130) has 
provided no clue to the origin of renin because it has been found that marine 
fish kidneys which do possess glomeruli do not contain renin, while the kidneys 
of fresh water fish possess it in great abundance. The explanation for this 
difference has not been found (132) . Yet renin can be produced from the*kidney 
of the dolphin, a marine mammal (98). Because the renin content of the in- 
voluting tubular portion of the mesonephros of pig embryo decreased, while that 
of the developing tubular portion of the metanephros increased, the conclusion 
was reached that the convoluted tubuies’are most probably the site of origin 
(production and storage) of renin (2^). In keeping with this is the failure to 
extract renin from kidneys in which the proximal convoluted tubules had been 
destroyed by sodium tartrate poisoning (131). 

The nature of the stimulus for the release of renin has not yet been determined. 
The idea that reduction of intiaienol pulse pressure, rather than decreased blood 
flow to the kidney, is what determines the release of renin and the formation of 
the vasoconstrictor substance, depends entirely upon the demonstration of a 
pressor substance in the blood by the rabbit’s ear perfusion method; and since, 
by admission, this is not really a test for renin or ongiotonin, it is questionable 
what significance can be attached to these experiments (62). The assumption 
of a presumable change from intermittent to continuous pressure beyond the 
site of the afferent preglomerular arterioles is not justified, for the very reason 
that a pulsatile pressure in the glonmrulus has never been proved to exist. 
Braun-Menendez (31) states unequivocally that, “The idea that diminishe d pulse 
pressure within the kidney causes the liberation of renin has no solid e3q)eriinental 
proof”. The reduction of blood flow throu^ the functioning components of 
the kidney (^omerular and peritubular capillaries) is another pebble stimulus 
(162, 260). That there is a reduction in the blood flow through the kidney in 
most cases of essential hypertension, affecting both kidneys equally (47, 48, 03, 
166, 364), as well as in the early stage of e3q)erim®atal renal hypsrfcension (162), 
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is an established fact, but thei^ is still a question about Avhcther permanent re- 
duction of the blood flow is necessary for the pei>a8tcnce of hjqjei-U'Usion in 
animals (369). This must await better and more direct methods than are avail- 
able at present to alloT\ fiequcnt determinations of renal blood flow before and 
after constiiction of tlio renal arteries. Because, in an occasional animal, there 
was no permanent reduction in the blood flow through the kidney, although there 
was still a slight increase in blood pressure, some authore (61, 02) have bnished 
aside the idea that some reduction of blood flow is a necessary condition for the 
development of the hypeilension. For the demonstration of true renal ischemia 
CJhasis and Redish (48) requu’e that the ratio of renal plasma flpw (diocb’ast 
clearance) to tubular excretory mass (maximum tubular secretion of diodrast) 
should be calculated, because the reduction of diodrast clearance does not nec- 
essarily mean renal ischemia. Smith and collaborator's (153, 155, 383) state 
that the evidence favors the view that the renal ischemia, so frequently observed 
in essential human hypertension, is a secondai’y event, and that the pi'imaiy 
event is the circulation of a humoral substance of unkno\Mi origin which brings 
about the efferent arteriolar spasm and progressive and parallel reduction in 
renal blood flow, which they consider characteiTstic of essential hypertension 
Others believe that the efferent artei'iolar spasm is due to the angiotonin pro- 
duced by renin in the blood (193), but in expei'imental renal hypertension this 
beghs only after the renal artery is constricted, and therefore, in man, it should 
bej^ only when the renal arteries and afferent ai'teiioles are sufficiently diseased 
to reduce the size of the lumen. 

The demonstration (65) in tniro of a normally perfusable vascular bed in the 
kidneys of human beings with benign H 3 rpertonsion, especially when the perfusing 
fluid is kerosene, certainly docs not justify the conclusion that the perfusion of 
blood through the kidney in mvo is also normal in such individuals. It is in- 
teresting, however, that despite the obvious objection to the mctliod, there was 
a great decrease of the rate of perfusion, even of kerosene, through the kidrreys 
of patients with uremia, due to arteriolrwclerosis, glomcnrlonephritis or pyelo- 
nephritis. 

The problem .of the possible part played by the juxtaglomerular apparahis in 
the humoral mechanism of experimental renal (150, 157) and hiunun hyper- 
tension (229) is by no means settled. This apparatus has been descrilx'U in 
detail by Goorma^ti^ (166, 158 158a) and others (94, 95, 269). 

An increase in the size of the “polkisscn”, or juxtaglomerular apparatus, and in 
the number and size of the afibiillar, and sometimes granular, or vacuolated, cells 
in this apparatus, in the kidneys of dogs with renal hypertension, produced by 
constrictian of the main renal arteries, has been described (158). Goormaghtig^i 
(168*) considerB that these cells may have a local, or oven general, secretory, or 
humoral activity and may therefore have a direct relationship to the hypertensive 
principle. In the rabbit, in which affbrillor cells are common in the normal 
kidney, Dunihue (95) states that Goonnaghti^ has found an increase in the 
number of afibiillar and granular cells in the juxtaglomeriilar apparatus of 
rabbite made hypertensive by constriction of the main renal arteries. Goormagh- 
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tigh considers that th(' a(n)iTllar colls have to do with arteriolar tone and that the 
gmniilar colls are a source of the pressor substance. These findings in the hyper- 
tensive rabbit have l)oen confiimed by Dunihue (94, 95) who subscribes to the 
same views. Kaufmiin (229), on the basis of an anatomical study of kidneys 
from nonnal and liyiK'Honsive persons, mnehed a similar conclusion. Graef 
and Smith (Kif), 382), howev(*r, have dranTi attention to the great variation in 
tlu' apiH'artmce of the art(‘riolur media and the size and stnicturc of the juxta- 
glomerular apparatus in normal man and animals and have cautioned that, 
l)ccause of siK'cies differtmees, e.g., the absence of granular cells in the kidney 
of man and dog, the inteq)retation of the ischemic changes must be contingent 
upon a moiT complete' study of normal kidneys. The development of cytologic 
changes in tlu' juxtaglomerular apparatus, interpreted by some investigators as 
indicative ot endocrine iwtivity, does not constitute comnneing proof of the 
origin of an endociinogcuiic ])i’cssor substance or pmeursor in this structure. 

'nieix' is ('(‘riainly ikj din'd, convincing evidence that any bpccinl cells in the 
juxtaglomerular apparatus or pn'glomenilar aiterioles arc the source of a chemi- 
cal factor which constricts the afTerent or efferent arterioles, thus regulating 
glomenilar bhxKl flow, and, presumably, also the peripheral arterioles, with 
resultant systemi<‘ hy|K'riension. An a matter of fact, the presence of renin in 
the dev<'loping ])ig eml)r 3 'o, in which a definite juxtuglomenilar apparatus has 
not been ich'utified, iniliiales against this view (220). More investigation is 
is necesHJuy Ix'fori' the functional significance of the juxta^omemlar apparatus 
can bo proix'riy assessed. 

The Tmiimt nf of Ex per menial Renal Hypertension by Renal Extracts. After the 
production of oxiH'riin(*iitul renal hypertension was accomplished, it was hoped 
that m<*th()ds of treatment which w'ould be successful for hypertension in animals 
might be applied with equal success to human hypertension. It was soon 
shown that all the metluKls which had previously failed to affect human hyper- 
t('nsiou weix' ('(pially unsiiccessful in expc*rimenial i*cnal hypertension (150, 173), 
but (hut the diflicultu's involved in the clinical appreciation of the h 3 rpotciisive 
proiM'vtios of various agi'iits in essential hyiX'riciiRion are greater tlian in ex- 
IX'rinieultil it'ual IjyiH'rieiisioh (I). 

Any att<'m])(. t o t r<‘at (‘xperi mental renal hypert-ension by alTccling the humoral 
mechanism should t,nk(' into consideration the followng possibilities outlined 
by Muiloz and collabonUors (278): 1, suppression, diminution or inactivation of 
renin; 2, inhibition of the K'uction between K'liiu and hypertensinogen; 3, dim- 
inution of the amount of hyix'rU'nsinogen; 4, inhibition of the action, or 
(lest iTid ion, of hyped ('nsin, ])y an memasc in the amount or activity of hyper- 
lousinase, or some other agent capable of accomplishing this. Methods 1 and 4 
have n’Ci'ivod grc'atc'st attention. The fourth method will be discussed first. 

Ext met H of kidney had Ix'on used empirically, \vith variable results, for the 
treatment of human hypertension (160) a long time before persistent hyper- 
tension was prcxluced in animals, ^^\o firsti attempts to treat experimental 
renal hyi)ertenHion by means of renal (and muscle) extracts were made by 
Harrison and collaborators (174, 176, 176, 179, 180, 186) who reported a lowering 
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of blood pressure in hypertensive rats by renal extract given by mouth, or 
parenterally. Their attempt -w'as based mainly on the assumption (179) that in 
the temporary hypcilension duo to unilateral constriction of the main renal 
arteiy, the normal kidney, by some humoral mechanism, e.g., by inhibiting or 
destro 5 dng the pressor substance, might be playing a part in eliminating the 
hypertenave effect of the kidney "with renal artery constricted. Other evidence 
for this Auew is as follows: the removal of a noimal kidney in the presence of 
one with renal artery constricted causes the blood pressure to remain pernui- 
nently elevated; after the removal of the ischemic kidney, if the other is normal, 
the blood pressure falls to normal in six hours, but it takes five times as long 
for the blood pressure to reach normal after the removal of both kidneys, when 
one or both are ischemic. This led Katz and collaborators (223, 226, 349) and 
others (106, 404, 405) to the idea that by counteracting or neutralizing the 
pressor substance the normal kidney mi^t play a pai*t in the elimination 
of the chemical mediator of experimental renal hypertension. They believed 
that the more rapid fall of the blood pressure to the normal level, in the presence 
of normal kidney tissue, as contrasted to the slow fall in its absence, might 
be due to the excretion, or destruction in vivo, of the pressor substance, by the 
remaining normal kidney. They showed that in an animal with a ureteral- 
venous fistula on the side of the normal kidney, the removal of the opposite 
ischemic kidney was still followed by rapid (6 hours) fail of the blood pressure to 
normal. They concluded that the noimal renal tissue destroyed the pressor 
substance, since otherwise its continued presence in the bloodstream should 
have kept the blood pressure elevated for a longer period. Dexter and Braun- 
Menendez (78) have demonstrated that the renal threshold for the excretion of 
renin is too high to account for the stabilizing r61e of the noimal kidney. Sub- 
sequent studies by Grollman and collaborators (16G) have led them to a modifi- 
cation of their original vieAV and the adoption of the idea that the active 
principle derived from kidney tissue is an essential humoral agent, the ab- 
sence of which, in the diseased kidney, results in hyperh'nsion. Th(‘y now 
believe that the administration of this principle overcom(»H tlic deficiency and 
relieves the hypertension. 

The demonstration that renal vein blood from an ischemic, dog kidney (I2f)) 
contains much less hypertensinaae than renal vein blood from noimal kidney has 
thrown light on the eai’lier experiments of Freeman (110) who foimd that normal 
dog’s blood can reduce the blood pressure of dogs with experimental renal hy- 
pertension, whereas blood from hypertensive dogs has no such effect. The 
antipressor effect in this case may have been due to the presence of hypertensinaae 
in normal blood and its diminution in the blood of hypertensive animals. These 
experiments require confirmation. 

Page and collaborators (297, 311, 312, 313) and others who have used identical 
extracts (123, 281) have reported the reduction of arterial blood pressure of 
hypertensive animals and patients by the parenteral (intramuscular) administra- 
tion of renal extract which contains a substance capable of inhibiting the pressor 
effect of angiotonin (69). Although Page and collaborators (313) have tried 
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to relate the antiprcssor effect of their kidney extract to the hypertensinase 
content, yet then* if. little hypcrtenfdnasc in it, and Schales and collaborators 
(3(111 foiuid that this extract gave the same result when its hypeitensinase was 
fiivt dcstroyetl. Hesides, there is no proof that hypertensinase per is absorbed 
into the blood from an intramuscular injection. 

It has been shown that for the antipiTSsor effect of the renal extracts used for 
the tiealrntmt of hyi«M’tension, h3T)ertensinasc is not inquired. Harrison, Groll- 
mau and Williams (1S5) did not dctonninc the existence of hypertensinase in 
their extract, but a lowering of blood prcsHuro has been reported in the rat, dog 
and even nitm by the administration of renal extract both orally and intra- 
muscularly. That such effects are caused by renin inhibitor, as postulated by 
Page and collaborators, has not been confirmed. 

The possibility that all the elTects on blood prcKuirc by renal extracts, hitherto 
reported, are due to a non-spc‘cific pyrogenic effect (with or without actual 
el(*vatioii of temixu'aturc*) of a fomign organic material that produces a local 
and general reaction, has already l)eea suggested (40, 160). Indeed a reduction 
in the stweiity of the loeal read ion, tis a result of purification, has resulted in a 
ixKiuction of the antipn'ssor effect. Schales, Stead and Warren (301) observed 
an antipi’cssor effect which wtis not specific for renal extracts, and attributed all 
the effects they observed to the* local and general reactions which occurred. 
They Indieve that this invalidates any eonelusions about the specific effect of 
renal ext ract s. Tin* siime effect on blood pressure was obtained when the extract 
contained little or no hyix'i’tcnsmase, if the local and systemic reactions to the 
injections occunvd. The extract that Grollmon, Harrison and Williams used 
<*an hardly l)c the same as that of other invcHiigators, because they found that 
ihe active subsianei* was dialyzablo imd effective by mouth in both man and. 
anhnids (174, 179, 180, 432), The expeiimental work on animals was all done 
on tlu' rat , and has not. Iwm confinned. No other investigators have reported 
a lowering of blo<xl pressure in liypc'rtensive individuals from the oral administra- 
tion of renal extraets. (loldriug and Chasis (163) failed to observe any favorable 
<'ffoct. in four hyix'rteuHivt* patic*n1s treated with renal extract, given by mouth, 
111) 1.0 th(‘ <‘<iuivaleut of 60 kgm. of original kidney substance daily. 

Page and eollahorators insist that tliey have ol)sorved fall of blood pressure 
from renal (‘xtmet, wit.lioul accompanying local or systemic reaction. However, 
it has lK‘en showTi tlial all the otlicr effecle, except olovation of temperature, can 
1)0 pr(xluc{*d by the parenteral injection of foreign organic substances (46, 160, 
1 611) . The fiict. that thoi’i> has lxx*n but little progress in the treatment of hyper- 
teusiou by renal extracts during the past 0 years is in itself on indication of the 
tliflieuliies involved, and possibly of the inadequacy of the method. 

Anlironin: Trealmcnt of Tlyperienaion by Means of Parenteral Infections of 
Reniti. Ho(‘au8e renin is a protein, it was to be expected that it would be anti- 
genic and tliat pai’entoral injection of it would result in the development of an 
antil )oily in the blood plasma. Wliat the properties of such an antiserum would 
be could not l)e imticipatcd; but it was hoped that it would prove to be anti- 
pressor, that is, autirenln. 
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In a &erieb of studies, Wakerlin and collaboratore (217, 414, 418, 419) reported 
that in the serum of rabbits, dogs and guinea pigs, but not' the hoisc, injected 
with renin from vaiious species, a su])8tance or principle developed which neutral- 
ized the acute pressor effect of an intravenous injection of luniii. They foimd 
that if the antisemm was fiiTst mixed with the i*enin and kept for about L8 lioiira at 
about 4®C, the mixtm-e lost its pressor effect on the uonruil dog. Normal sei'iun 
did not possess this property. The author and collaborator (223a) found sub- 
sequently that at room temperature the reaction between the antisenim and 
renin occurs practically instantaneously and that incubation for 18 hour is not 
required. Wakerlin and collaborators regard this principle as analogous to an 
antibody, antienzyme or antihormone, and suggested for it the name antirenin. 
This has now been produced in the rabbit, by the intramuscular injection of 
human, hog, cat and dog renin; in the guinea pig, by the intra-abdominal 
injection of hog, cat and dog renin, and in normal and renal hypertensive dogs, 
by the intramuscular injection of hog and rabbit renin. The injection of heat 
inactivated homologous or heterologous renin did not induce the formation of 
antirenin in either normal or hypertensive dogs (216, 415). Hog liver extract 
failed to produce antirenin in normal or hypertensive dogs. 

Antirenin is a protein, but it is neither an enzyme nor a precipitin. Even when 
the antirenin titer is high, there is no precipitin in the blood of dogs or guinea 
pigs. In the rabbit, in which precipitin responses arc morc easily obtained, 
precipitins against other plasma proteins are formed in high titer when these 
animals are given repeated intravenous injections of renin. The scrum of these 
animals still retains its ability to neutralize renin ^\hen the precipitin is removed 
by absorption in vitro. Antirenin is precipitated from seriun by half saturation 
nith ammonium sulphate. Antirenin is present in the pseudoglobulin fraction 
of the serum, where the circulating antibodies are ordiuaiily found. This 
fraction was found to contain practically all the antirenin of tlic original sciiun. 
It is active between a pll of 2.3 to 10.7 but is inactivated at a pll ol 1 .9 or less 
and 11.0 or more. At 0®C. and in the frozen state it remains stable for at U'ast 
3 months (223a). Antirenin does not neutralize the pressor eIT(*ct of (‘itlun* 
hypertensin (217) or piluitrin (216). Like antiliormoncs, (401) antirenin is not 
species specific m the neutralization of renin, in vitro, except for aniirenin from 
rabbits induced by the injection of human renin. This specificity is also true, 
for antihormones produced in rabbits by the injection of extracts from human 
tissue. Heating of the antisenun at 65°C for 10 minutes does not inactivate the 
antirenin, but the latter is destroyed by heating at 76°C. or higher (223a). 

Wakerlin and collaborators were the first to report a fall of blood pressuro to 
normal as a result of the repeated intramusculai’ injection of hog renin in hyper- 
tensive dogs. They also observed the prevention of hypertension in dogs that 
received si m ilar injections before the renal arteries were constricted (415, 416). 
Both of these observations we have confirmed (223a). They found that the 
intraperitoneal injection of 40 ml. of dog serum containing a high titer of onti- 
rMiin to hog renin had no specific effect on the blood pressure of one hypertensive 
dog. 
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No significant chungcs have boon observed in Ihc animals that have dcvelop>ed 
high titci's of aniiivnin in tlioir plasma. After n uoimal or hypertensive animal 
has dcs el<ip<’(l a high titer of ontii'ciiin, large doses of homologous or heterologous 
mnin may be injected intravenously into them ^^ithollt producing any change in 
the blood iii’cssure. We have injected intravenously, in one dose, os much as 
1(K) (log units of hog I'cnin, without any (‘h'vation of the blood pi’cssuro, in a dog 
with 10 units of antii’cnin tier cubic centimeter of its blood senun. The kid- 
neys of rabbits and dogs which hud a higli titer of antii-enin in the blood were 
found to contain nonnul amounts of renin (217). 

Wintornitz and collaborators (440) failed to confinn the production of anU- 
renin, and Fiicdman and collaborators (133) did not obseiwe a fall of blood pres- 
sum in animals that rccciA’cd pai-cntcral injections of mnin. But the former 
injected the ivnin intraven<jusly and the latter probably injected an insufficient 
amount, n'he author and oollaboratoi-s also failed to detect the production of 
antirenin in dogs by the intravenous injection of 25 units of hog renin a day, for 
12 weeks, but, by subcutaneous and intramuscular injection of the same amount 
of hog irnin, we did succeed in producing tuith-enin of high titer in the plasma of 
normal and hyiJoHensive (logs. We also obseuwed a fall of blood pmssure in 
hyporteiisive dogs and prevent (‘d the development of hypertension in dogs by 
repeated su])Cutaneous injections of hog ivniu bcfoiv the iwnal ailcrics were 
constricted. The optimmn dose wtia 26 imits of mnin daily. 

Wakorlin and collaborators wore the fii>.t to prcxUice antirenin, yet they now 
consider that they have good c\'idencc that the antiivnin is not msponsible for 
the pl•o^'(’ntion of hypertension or the lowciing of the blood prewaire in dogs 
with it'nal hypcrtc'usiou. Tin* evidence upon which they repudiate the signif- 
icanco of (he aiitinuiiii is not conclusive. One reason given is that liighly puri- 
fied hog renin was us effective as paiiially pimfied hog renin in stimulating the 
fomnatioii of antirenin, but that it was much less effective as an antihypci'tcnsive 
agent. It is higlily probable, hoAvever, tlrnt tliis difference w’as due only to the 
smaller amount, of ivivin injected. Another reason w as that in an occasional dog 
injiH’tcd uith hog nmiu inactivated by heat, a fall in blood pressure was noted. 
Not too much significance should be attached to this, because in some untreated 
dogs tli(‘ blood i)reHsurt‘ also I’etums to a lower level. They also found no 
com'lat ion Ix'tween (he auliremin titer and the antihyportonsivo offcct. This 
is eontrai 7 t o tlu* n'sults of our own studies. Ik'causc they did not give an exact 
dotemiination of the titer of antirenin attained by their animals, it is difficult 
to make a diiTct comparison between their results and ours. The methods of 
assay of antirenin are not comparable. Their antirenin titer is based on the 
amount of renin extracted per gram of renal cortex, wrhich is obviously sub- 
ject to considorablo variation. Wo titraio the exact amount of antirenin by 
determining the number of units of renin inactivated by the serum. Our dog 
unit of ontiremm is the miTiirmiTn quantity wiiich neutralizes the acute pressor 
effect of 3 dog unit of renin. 

The possible application of the results obtained in animaJs to the treatment 
of human hypertension is beset writh difficulties. Because homologous renin 
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does not produce antirenin, the injection of human renin into hypertensive pa- 
tients would be ineffective. Whether heterologous animal reruns which do not 
produce a pressor effect in man would induce the formation of antirenin is still 
unknoAMi. Much more work on this subject is required. It has not been given 
adequate attention by other investigators. 

Non-speGiJic Pressor and Aniipressor Effects. In any consideration of the 
renal humoral n^echanism, mention must be made of the studios by Bing and 
collaborators (19, 20, 21) and others (205) which, although they may have no 
direct bearing on this mechanism, yet indicate a possible way whereby a pressor 
substance of renal origin may be formed, or released, under conditions which 
involve a disturbance of intrarenal hemodynamics. They demonstrated (20) 
by perfusion experiments that an ischemic kidney, but not a normal one, is 
capable, by decarboxylation, of converting dihydroxyphonylalanine (dopa), a 
substance which possesses no pressor properties, into hydroxsrfcyramine, which is 
a powerful pressor amine. They showed that the amount of hydroxytyrammo 
which is formed in the kidney from 1-dopa under conditions of oxygen lack was 
proportional to the reduction of blood flow through the perfused kidney (19). 
They also demonstrated (19) the transformation of dopa into hydroxytyramine 
in kidney extract under conditions of low oxygen tension. But even without 
the addition of 1-dopa the development of a pressor substance has been reported 
merely as a result of anaerobic conditions (407). Liver, spleen, limg and heart 
treated the same way did not develop pressor substances. Liver and intestine 
also contain 1-dopa decarboxylase, yet these organs were unable, even when their 
circulation was reduced, to produce hydroxytyramine from 1-dopa which was 
added to the blood (19). 

Bing was also able to show that partly or completely ischemic cat’s kidneys, 
in vivo, converted 1-dopa, injected inti'avenously, into hydroxytyramine. The 
observation of Oster and Soskin (291) that the intravenous injection of 1-dopa 
into catis ^^'ith experimental renal hypci’tension resulted in a great rise of blood 
pressure, while no rise occuiTed in normal cats, is of interest in this connection. 
But Bing and collaborators did not conclude lhat hydroxytyramine is the cause 
of, or in any way directly involved in, the pathogenesis of experimonl.al renal or 
human hypertension. The same conclusion has been reached about tyramino 
(100, 347, 404). Bing and collaborators have demonstrated that the two pressor 
substances, hydi’oxytyramine and hypertensin, are destroyed by different frac- 
tions of renal extract and by different mechanisms. It has also been shown that 
renin does not effect the decarboxylation of 1-dopa to convert it to hydroxyty- 
ramine (07) . It has been demonstrated tiiat the reduction of the blood flow to the 
kidney results in a profound alteration of the subsequent chemical events. The 
kidney has the capability of converting the amino acid, which is itself without 
pressor property, into a powerful pressor amine which accumulates under anaero- 
bic conditions and results in elevation of blood pressure. Pressor n-miuRfl are 
rapidly destroyed, however, by oridative enzymes when the circulation is normal 
and aerobic conditions prevail. Their work has provided a basis for the hy- 
pothesis that the hypertension which results from renal ischemia may be due to 
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diminit'hcd deamination of certain amino acids in the kidney and that it may 
pofcwbly play an adjuvant or even an important primary part in hypertension in 
j-ome type ft of animals. 

The ^^ork’ of Bing, and collaborators has been the basis of the attempts (127, 
2C0, 380) ai the treatment of experimental I’cnnl hypertension in rata by means 
of the (|iiinoneft, and, in hypertensive doga, by a diketone, 1-4-cyclohexandione 
(283). A hjw'ring of blood pressure A\aa repoiiied, but we have not been able 
to eonfiim any of these results by the use of thew materials in hypertensive dogs. 

Pussor onineft certainly exist and produce their effect when injected in- 
travenously into animals. Their deamination rcqiiii*eB oxygen. The question 
ia whether h(n e difcturbancc in the kidney may so reduce the available oxygen 
that dean ination of natui’al amines docs not occur and tliat the entrance of such, 
amines into the blood stream results in hjrpertcnsion. There is, as yet, no 
available evid( nee fram the studies on man that this mechanism plays a part in 
human hypertension. However, the studies on the treatment of human hyper- 
tentdon with i mine oxidases (306) has not led to on elucidation of this problem. 
Schroeder and coUiiboratorH (302, 360, 367) found that the parenteral injection, 
of tyrosinase, a phenol oxidate, reduced the blood pressure in rats and dogs with 
experimental ixmal hypertension, and in man, with essential hypertonsion. But 
Prinsmetnl and collaboratois (332) showed that the effect obtained by Schroeder 
was not due to the enaymatie acitvity of the tyrownase, because the extract 
containing; it was albo effective when the tyrosinase activity was first destroyed. 

Th(‘ obseivation that both hypertensin and pepsitensin are inactivated by an 
amino-peptidase obtained from yeast has led Croxatto tmd Croxatto (69) to 
cou<*lude that the hypertensinape activity of renal extract may also be attributed 
to th(‘ enzyme amino-peptidape contained in I'cnol tissue. They have also 
shown ((10) that the vasoconatrietor effect of hypeitcnsin tested on the perfused 
toad is destroyed enzymatically by the action of amine oxidase and tyrosinase. 
In our own hiboiaUny, in collaljoration with GoUan and Richardson, much work 
has been doiu* on, enzymes, from many phmts that ajfc capable of inactivating 
hypertoiipin in mlro. It is diincult to moke pi'eparations that arc not toxic, 
and although unliiH’epsor olTects have l)cen obtained in hyportoDBivo dogs, yet 
it is difficult to estimate how' much of the effect w'ns due specifically to the “plant 
hypeitonsinase”. 

The problem whether there is a r<*nul moehanism of hypertension which is 
dependent, upon a m<‘t abolie fault in the kidney, interfering with the utilization 
of melanin-like pubstanccs and thoir phenolic precursors, is not yet settled. 
Even the possibility that such a mechanism exists in one aninud, the rat, for 
example, and not in other animals, induding man, has not been determined with 
certainly. 

The effect of diet on experimental renal hypertension has not been exhaustively 
investigated. It bap been asserted that a high protein (800 g. meat daily) diet, 
or 60 g. of urea daily, increasos tho elevated blood pressure in dogs with ex- 
perimental renal hypertension (269). A did that produces considerable gain of 
weiglit has a similar effect (43). 
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The significance of the experiments of Calder (40, 41) on the production of 
hypertension in the rat by a diet deficient in the heat stable fraction of the 
vitamin B complex is of interest. His belief is that the hypertension is of 
metabolic origin and due to diminished oxidative processes in the kidney. This 
work requires confirmation. 

The claim for the effectiveness of ascorbic acid in reducing the blood pressure 
of h 3 rpertenaion in man (75) has not been confirmed (276). This has not Iwcn 
tested on hypertensive animals. It has been reported that vitamin E has no 
effect on the blood pressure of dogs mth experimental renal hypertension (276). 
This has not been tested on hypertension in man. The effect of a special rice 
diet (231, 232) in lowering the blood pressure of human hypertensives has not 
been substantiated, and the mechanism of its action is not clear. This has not 
been tested on hypertensive animals. The assertion that large doses of vitamin A 
lower the blood pressure of hypertensive human beings (159), rats (169) and 
dogs (420, 421) has not been substantiated by the same investigators (169, 168, 
417), who finally decided that it "was not the vitamin A that produced the effect 
(164, 168, 275, 276, 417) because fish body and liver oil still contaiaed the blood 
pressure reducing substance when the vitamin A was destro 3 red. In fact, 
Grollman and collaborators (417) found that a highly purified vitamin A con- 
centrate did not have the hypotensive effect and that the effect was enhanced by 
the oxidation of the fatty acid in effective marine oil. The nature and mech- 
anism of the action of this substance in marine oils is still unknown. 

In his most recent publication on this subject, Grollman (166) asserts that a 
number of refined oils derived from marine fishes, when administered orally, 
reduce blood pressure in hypertensive rats, dogs and man. Timg oil, but no 
other oils of vegetable or animal origin, was also effective in hypertensive animals. 
Oxidation, and saponification prior to oxidaiion, enhanced the activity of some 
of the oils. The effect was independent of their original vitamin A content and 
was retained after the destruction of this vitamin. The active principle is 
soluble in waler and dialyzablo, as in the case of the oi’ally effective renal ex- 
tracts (185, 187) -with Avhich he is inclined to consider this identical. He states, 
howevei', that it is still impractical to treat patients becaiuse there is no readily 
available source of large amounts of this principle. 

It has been reported (282) that vitamin A may affect urea and inulin clearances, 
but these authors did not control their espeiiments by giving the samo product 
with the vitamin A inactivated. Vitamin Dj given by mouth had no effect on the 
blood pressure of the rat (38) . Another sterol that has no effect on experimental 
renal hypertension in the dog is testosterone (412). 

On the basis of experiments on hypertensive rats, a disequilibrium in sodium 
balance was noted by Grollman and coUaborators (167, 170, 171) which led them 
to test the effect of restriction of sodium intake on hypertension in the rat and in 
man. They noted a lowering of blood pressure in both. The significance of 
these observations remains to be elucidated. 

The mc»t recent contribution by Shorr, Zwoifach and Furchgott (380) on the 
humoral mechanism of shock is of great interest, but the results must await 
confirmation and elucidation before they can be evaluated. The identity of the 
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vafto-excitor (VEM) and vaso-depressor (VDM) substances which they have 
dc&eiibcd, with the knowTi constituents of the humoral mechanism of renal 
hyportonsion, cannot be considered ah established on the basis of the evidence 
submitted. '^Fhe possible part these substances may play in the maintenance 
of blood pressure at normal and elevated levels cannot yet be determined from 
the resuls that have ]x>en published. 

A Summary of I he Similarities Between Human EssentiaZ and Experimenlal 
Benal IIyp<>rl(}Won. Although Goldring and Chasis in theii* excellent book 
(153) conclude that the weight of the eiddence is against the identity of the 
mechanism in liiunan and experimental renal hypeidension, yet it has been shown 
by many investigators that the latter does faitMuUy reproduce human ossential 
hypertension in many inspects. In both, the increa^ tension is the result 
of a generalized inci’case of peripheral vascular resistance of functional (vasos- 
pastic) origin. Tn experimental renal hypertension, os in human h 5 pertension, 
there may be no significant disturbance of renal excretory function (the benign 
phase) or there’ may be pronounced renal excretory functional disturbance, 
with uremia (the malignant phase), depending entirely upon the degree of con- 
striction of the main renal arteries (144). As in human hypertension, so also 
in experimental renal hypertension, cardiac action is increased (258), but car- 
diac rate, output (2(W), volume (15), viscosity (207) and peripheral flow of the 
lilood (221), and venous pressure remain unaltered. Pulmonic arterial pres- 
sure is not altered in either man or animals, when the hypertension is un- 
complicated by left ventricular failure (227, 391), as indicated by a normal 
right heari. In both mim and animals hypertension associated with unilateral 
renal diseaw' may bo cured by excision of the diseased kidney, provided the other 
is noimul (252) . Ililat oral nephrectomy does not result in a rise in blood pressure 
in either man or imimal (144). With few exceptions, the response to medicinal 
therapeutic meahures of groat vaiicty is the same in both. Sympathectomy, 
partial or (‘xtenhive, may result in at least a temporary fall of blood pressure in 
humim hyiH*rteusion, yet it does not do so by affecting the primary cause of the 
hyix‘rienhion; but tliore is little or no effect in animolh that do not stand erect. 
Whether this <lilTerence is significant caimot be stated with ceiiainty at present. 
The fact (luit, after sympathectomy, the blood pressuro'retums to tho original 
liigli level in a high iX‘i*centQgt» of tho hypertensive patients also favons the idea 
of a renal hmnonil mechanism in w’hich tho olTcctive vasoconsirictor substance is 
presumed to act directly on the musculatui'e of the peripheral arterioles, and not 
by way of the vasomotor nerves. This is in keeping with the conclusions of 
Prinzmetal and Wilson (337) and of Pickering (320). The frequent fall of blood 
probsuro in the late stage of pregnancy in animals with espcrimental renal hy- 
pertension (68, 77, 8(i, 87, 111, 292) remains ns imexplained as does a si mi l ar fall 
which has Iwn observed by many obstetricians in same hypertensive pregnant 
women. The olxaewation of polydyjreia and iralyuria, in rats with experimental 
renal hypertension (289), has not been emphasized in hu man hypertension and 
has not l)oen olmved in hypertensive dogs, but the diuretic effect of renin 
iniooted intravenously into animals has been mentioned (272). This should 
be investigated further. 
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Renal blood flow is reduced in most cases of humau hypertension (135, 154 
384) and in experimental renal hypertension (306) in animals. Tho indirect 
studies (135, 164, 384) of blood flow throu^^ the kidney in man do not dem- 
onstrate clearly the primary effect of the sclerosis of the afferent arterioles, 
because the vasoapasm of efferent arterioles which results in high glomerular 
filtration fraction tends to mask it. Interestingly enough, although tho inter- 
ference with afferent flow is definite, in the animals, and obviously brought about 
by constriction of the main renal artery, yet the rattib indirect signs of efferent 
vasospasm and high glomerular filtration fraction occur in the hypertensive 
animals. In both, the latter effects may be due to the humoral mechanism of 
renal origin. In both man and animals the hypertension may or may not be 
accompanied by disturbance of renal excretory function. An increase in the 
concentration of guanidine in the blood of animalfl (49, 61) and rnun (260, 261), 
in the malignant phase of hypertension, has been demonstrated; but it has little 
or no significance with relation to the hyi)ertension, because it occurs also in 
bilaterally nephrectomized animals that have the azotemia but not the hyper- 
tension (80). The presence of renin has been demonstrated in the renal venous 
blood of ischemic kidneys of man and animals. Although renin haa been dem- 
onstrated in the systemic blood of recently hypertensive dogs (215), and man 
with hypertension due to acute ^omerulonephritis, yet the failure to demonstrate 
it in the systemic blood of dogs with long standing renal hypertension and patients 
with bemgn essential hypertension may be only because the amount of blood used 
for the tests has been inadequate and the methods have lacked sensitivity. 
Whether the humoral mechanism is effective only in the relatively acute stages of 
hypertenaon, or whether in the later stages, as has been suggested (39, 286), 
there is a greatly increased sensitivity to hypertensin, remains to be determined. 
These matters deserve much more study. In the benign phase of hypertension, 
in both m a n and animals, cardiac h 3 pertrophy develops, affecting mainly tho 
left ventricle, and medial hypertrophy of the arterial vessels also occurs in both 


(252). In the malignant phase, in both, there are the identical typical vascular 
lesions, arteriolar necrosis, fibrinoid degeneration and necrotizing arleriolitis 
(147). As in human, so also in experimental renal hypertension, tho level of 
blood pressure tends to go to a hi^er level in hypertensive animals which gaun 
w'ei^t (43), but a hi^ protein diet or the ingestion of a largo amount of urea has 
not been found to increase the blood pressure of hypertensivo dogs (183). Al- 
though the elevated systolic blood pressure of hyperthyroidism is relieved by 
thyroidectomy, yet it is doubtful that any of the known endocrine organs plays a 
primary part in eite essential hypertensian associated with vascular disease, 
in man, or in experimental renal hypertension in animals. There are definite 
indications that the adrenal cortical hdrtnones may play a secondary part in the 
development and maintenance of experimental renal and human hyper- 

tension (85, 126, 128, 318, 319, 342). 


It would be remarkable indeed if, despite all these close similarities between 
human essential hypertension, assoriated with vascular disease, w-nd a type of 
experimental hypertension that is obviously of renal origin, the former would 
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not prove to be of renal origin. In the event that the renal origin of this form 
of human hypertension should become established, it would still be necessary 
to determine the cause of the ai*terial and arteriolar sclerosis which, when it 
affects the kidneys to a sufficient degree, initiates the humoral mechanism of 
the hypertension. It is still a fascinating subject for investigation and much 
remains to Iw done.* 

Il(‘contly Ihorc was published a translation, in English, by Dextor, of the book on 
Renal Hypertension by Braun-Mcnondoz and collaborators (37a). In the prologue, 
lluussay has written, “In the clinic, the oxisienco of hypertension from renal ischemia, 
similar to experimental renal hypertension has not only been demonstrated, but the hy- 
pertension has boon cured by removal of the disoosod kidney in some cases of unilateral 
renal disease. 
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Conc&ptA Ctmcerning Pain. Views about the nature of pain have varied, 
but from Aristotle to relatively recent times there has been general agreement 
on one major issue, namely, that pain is a “passion of the soul”, a feeling state, 
or a “quale”, and not a specific sensation. Such a view was supported by 
thoughtful workers in nineteenth century Germany, England and America (1). 

As recently as the turn of the twentie^ century it was stall considered debat- 
able whether pain is indeed a sensation or exdumvely a feeling reaction akin, 
but opposite, to that of pleasure. The following is representative of the pre- 
vailing view of that period: . . that pain is not a sensation but a form of feel- 
ing; that it is not to be classed with the sensations of touch, or temperature, or 
heat; that it docs not have peripheral end organs, and that there are no nerves 
in existence which, on irritation alono, produce pain; that there is no such thing 
as a pain tract. . . .” (2). 

However, there has been a gradual diango in this conception and the basis 
for modifying this earlier view is briefly summarized in the following para- 
graphs. 

1. BHx (3), Goldscheider (4) and von Frey (6) noted that when the skin is 
explored with stiff hairs, pain alone may be elicited from certain areas. The 
structures stimulated have been indentified by WooUaid, Weddell and Haip- 
mann (G) who demonstrated that cutaneous pain is subserved by the finer 
medullated and non-meduUated nerve fibres bearing free endings. These 
fibres and endings are spocifio and are arranged in a plexifoim interlocking 
manner, Weddell (7, 8) in order to determine the neurohistology of skin from 
which pain alono could Im evoked, outlined the pattern of sensory loss in a pa- 
tient with a sciatic nerve Icrion. The area from which pain could not be aroused 
was smaller than that from which touch could not bo aroused, and this in turn 
was smaller than the areas over which temperatui’c sensibility had bem lost. 
A piece of skin 2 by ^3 cm. was stained and removed from a zone in port of which 
pain only could be aroused and in part of which pain and touch could be evoked. 
In the oroa from which pain alone could be elicited, fine nerve fibres were seen 
giving rise to superficial nerve nets; no thick nerve fibres or organized endings 
were seen. On the other hand, in the area of skin in which both pain and touch 
could bo ovoked, the cutaneous nerve plexus was seen, together with thick 
nerve fibres ending around hairs and thinner fibres giving rise to superficial 
nerve nets. 

Tower (9) introduced the useful cmioept of the “sensory unit” as contrasted 
with the sinjdd afferent nerve ending. Bhe has made it seem likely that a 
“sensory unit” consists of many nerve endings, all branches of a single fibre, 
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connected with a single cell in the dorsal root ganglion. An area of skin (12) or 
cornea (9) of about a centimeter in diamet^ is said to be supplied by such a single 
unit and it is conceivable that larger units exist. Many pain fibres supply over- 
lapping “sensory units” to a ^ven area, although there is no connection between 
the endings of difierent fibre units. It would thus seem likely that the painful 
spot experienced os such when an area of normal skin is exposed to noxious 
stimulation is a centrally integrated mqpeiicnce projected onto the periphery 
for the epecific purpose of localization. The “akin spot” is, so to speak, a 
“mind spot”. 

2. An answer to the question as to whether pain is a specific sensation or 
whether it results from overstimulation of fibres serving other sensations, such 
as touch or warmth, is the demonstration in patients (10), that pain alone and 
no other sensation may be lost in limited regions of the body as a result of acci- 
dental injury of the spinal cord. Also, after surgical transection of the spino- 
thalamic pathways, pain alone may be absent in drcumsciibed regions without 
associated loss of temperature or touch (11). 

Moreover, it has been demonstrated by Adrian, Oattell and Hoagland (12) 
and by Cattell and Hoagland (13) that intensive stimulation of tactile end 
organs up to the capacity of the corre^onding nerve fibres to conduct does not 
elicit evidences of pain. 

3. Further indication that pain is a specifio sensory experience with its own 
neural structures and properties has been afforded by the analysis of the action 
of certain analgesic drugs. These agents were capable of q)ecifically raising 
the thrediold of pain from 36 to 80 per cent above the control level while they 
lowered or left unaltered the threshold for the perception of touch, hearing, 
smell, two point discrimination and the perception of vibration. It has been 
observed that acetylsalicylic add actually lowers the threshold for warmth 
(14, 16, 16, 17). 

4. There is evidence to indicate that certain structures are equipped for and 
give rise to the sensation of pain only. The teeth, the middle meningeal artery 
and the arteries at the base of the brain and at least some of the scalp arteries, 
such as the temporal artery, seem to be equipped with afferent fibres which, 
as fax as consciouBness is concerned, conduct only those impulses which result 
in pain (18). However, at least one other sensation, i.e., cold, and possibly 
touch as well as pain can be oUoited by suitable stimulation of the cornea (19). 

On the other hand, there are certain sueas in the body from which pain can- 
not be elicited, for example, the parench 3 ana of the brain (18). Also, such an 
area is found on the inside of the cheek opposite the second lower molar (20). 
bo. short, it is necessary to infer from the evidence that the pain experience is 
first a jensation derived from norious impulses traversing specific pathways. 
Suj|Pj3>en om ena may be followed by the familiar and predictable feeling states 
and other reactions. 

NevsrdL Slsrw^res Involved in ihe Conduction of Noxious Impulses Owing 
Rise to Pain, AH fibres carrying noxious impulses experienced as pain entw 
the signal cord or brain stem throat the dorsal root ganglia. The superficdal 
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pain impulses are usually conveyed by the somatic nerves and enter the cord more 
or less directly through tho dorsal roots. Deep pain impulses may approach the 
central nervous system in a number of ways: some are conveyed by pain fibres 
which attach themselves to blood vessels part of the way and thm join auto- 
nomic nerves; other deep pain fibres from their vei-y beginnings are closely 
associated with autonomic nciwes and remain so affiliated until relatively near 
the cord; and still other deep pain fibres join with somatic nerves. The course 
they assume in approaching tho dorsal root ganglia is irrelevant to a considera- 
tion of tho quality of pain or the reflexes aroused (21, 22, 23, 24, 26, 26, 27, 28). 

Although pain endings are usually naked and umyelinatod, with or without 
slightly swollen twigs, there is no uniformity about t^ size of fibres which con- 
duct noxious impulses to the cord and brain. Fibres conducting pain impulses 
may be roughly grouped as regards speed d conduction of impulses into slow and 
rapid, involving respectively small and large calibre fibres (29, 30). It has been 
shown by Gasser (30) that tho gamut of size involved in the conduction of nox- 
ious impulses giving riso to pain is wide, spreading from the very smallest to 
largo calibre fibres. 

After entering the cuid all noxious impulses are conveyed across to the op- 
posite bide where their pathways are localized in the anterolateral portion of 
the spinal cord. The fibres of tho spinothalamic tract pass into tho nucleus 
centralis posterior of the thalamus. They do not termmate in any of the ad- 
jacent nuclei nor go into the anterior portion of the thalamus. The cortical 
projection from tho nucleus centralis posterior is predominantly to the post- 
central convolution. There is in this projection a definite topical oiganization 
so that those fibres from the medial portion of tho nucleus (cephalad parts of 
the body) end in the lower port of ^o gyrus; those from the lateral portion 
(caudad parts of the body) in the paracentral region; and those from the middle, 
in the intermediate region. 

It is probable that the brain structures involved in pain perception occur in 
both cerebral hemispheres in the region of the central fissure (31, 31a, 32) . Com- 
plete hemianalgesia is rare of ter destruction of fibres in either hemisphere. More 
specifically, pain from the face seems to have both homolatoral and contralateral 
cortical representation so tliat unilateral homispherectomy docs not result in 
analgesia oi tlie face. Altliough tho thalamus is important in tho integration 
of neural activity having to do with pain, the cortex is essential to discriminations 
involving localization and intensity. Excision of a small portion of the left 
post-central cortex has resulted in dimination of phantom limb pain for a period 
exceeding 4 years (32a). That there is also mid-brain sensory int^ation is 
suggested by the survival of pain sensation after destruction of the fibres entering 
the thalamus and cortex. 

QiudUiea of Pain and Their Signifiamce. For purpose of gross classification 
superficial and deep pain are recognized. Pain lusulting from noxious impulses 
originating on tho suifaeo or buperficially has a pricking, bright, burning, itching 
quality, and is highly locolizoble. It commonly incites action such as fij^t or 
flight. Pain resulting frmn deep noxious impulses is a deeper, diffuse pain, 
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has an aching quality and localization is less precise. It often induces nausea, 
sometinies fall in blood pressure, prostration and syncope and usually causes 
the a.TiinftH.1 to seek protection in withdrawal, inactivity and rest. There are 
minor differences in the deep pain from muscle, web and artery. Structures 
of endodermal origin are said to be relatively poorly supplied with pain fibres 
as compared with those of mesodermal or ectodermal origin (26). 

Man’s ability to experience pain is not essential to a suitable biological ad- 
justment. Persons congenitally without the ability to experience pain ade- 
quately adjust themselves to their environment, as do persons who have had 
pain pathways surgically interrupted (33, 34). Alarm or defense reactions may 
be initiated by any stimulus if that stimulus has been previously associated 
with injuries, dangerous threat situations or frustrations. As a matter of fact, 
the bulk of such reactions involved in common experience are initiated by non- 
painful stimuli. Pain is an accessory though important and final warning 
of the imminence of tissue damage. 

On the other hand, persons critically ill, as with terminal neoplastic disease, 
and those gravely injured do not inevitably experience intense pain. Indeed, 
the intensity of pain is not directly proportional to the extent or seriousness 
of tissue damage. In a combat zone during World War II Beecher (35) ques- 
tioned 215 recently wounded men concerning the intensity of the pain they 
were experiencing. These men had sustained extensive soft tissue injuries, 
compound fractures or penetrating wounds of the head, chest or abdomen, 
but were mentally clear. Only twenty-four pOT cent had ‘T^ad pain” whereas 
the remainder had moderate, sli^t or no pain. 

Pain Tkre^ld. Pain is best investigated in conscious man, otherwise its 
study resolves itself into an analysis of reactions. Hence, at the outset a funda- 
mental distinction must be made, namely, between the perception of pain and 
its associated reactions. A starting point for a quantitative analysis of pain 
perception can be made by defining the pain threshold and by ascertaining its 
properties, and how it can be modified (36, 37). 

The pain threshold sensation may be defined as the lowest perceptible inten- 
sity of pain. The pain threshold stimulus is that amount of stimulus required 
to induce threshold pain and may for convenience be expressed in standard 
physical terms. In accordance with common usage the pain threshold is con- 
tidered to be raised when more stimulus is required to induce threi^old pain; 
GonverBely, when less stimulus is required the pain thre^old is said to be low- 
ered. Pain is unique in that many methods of stimulation can evoke it. Both 
superficial and deep pain can be elicited by thermal, electrical, TnanbRninp.! and 
chemical stimuli. It is only necessary to choose a stimulus, the strength of which 
con be controlled and measured, which will allow a clearly definable end point 
of perception, and one which will not of itself introduce excessive variability 
into the observation. 

For the establiriunent of the thre^old of x)ain the verbal report of an 
instructed subject is the most reliable evidence. A verbal report of an end- 
point has been successfully used in the researches on other sensations and m 
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studies on cutaneous pain has 5 uolded reproducible data. Muscle twitch, blink- 
ing, withdrawal or any similar response indicating reaction to pain should be 
noted together with, but independently of, the verbal report of the pain threshold 
of a liiunan being. 

1. Methodi. Ivy and bis colleague have considered all the methods that have 
been used for measuring the pain threshold and have listed a complete biblio- 
graphy (38). Many methods for ascertaining the pain threshold have produced 
data which have been difficult of interpretation. This is possibly basause of 
a) the failure to establish a known relationship between the quantity measured 
as the stimulus and the amount of pmn producing disturbance in lie environ- 
ment of the pain endings; and b) the fact that reaction to a noxious stimulus 
is often confused with perception of threshold pain. 

For example, in electrical stimulation of the teeth the amperage, voltage, 
frequency and resistance in the circuit ore all of importance in inducing pain. 
Measurement of one of these quantities as the pain threshold mi^t be esqrected 
to lead, because of its indirect relationship to the amount of disturbance in the 
environment of the pain endii^, to considerable variability. Indeed, this has 
been found to be the case for this method of inv^tigating pain threshold by 
Ivy et al, by Roth and IQcitman and by Robertson, Gh)odkl and Wolff (38, 
39, 40, 4 1) . These same general crltidsms also hold for the meohanioal methods 
for eliciting pain, such as measuring the pressure required to evoke pain in the 
esophagus, the gut, or in the skin (42). 

Chapman and Jones (42) measured tho pressure required to induce pain in 
the esophagus by distention, and Harrison and Bigelow (43) also studying deep 
pain measured ^o point at which pain occurred in working ischemic muscles 
of the forearm. 

Otlier investigators, notably Libman (44) and later Hollander (45) whose 
investigations were directod toward estimation of the threshold for pain per- 
ception actually tested reactivity. libman exerted pressure with his thumb 
upon the styldd processes of human subjects and found that prize filters, 
Negroes and American Indians os groups failed to react to such noxious stimu- 
lation of intensity groat enough to induce a reaction of discomfort in the average 
white dty dweller. 

Hollander’s instrument was a rou^, metal grater incorporated in a sphygmo- 
manomotor cuff. He inflated the cuff and noted the pressure at which the sub- 
ject -winced. He, as did Libman, reported that relatively stoioal people have 
a high threshold for reacting to noxious stimulation. 

In ^te of the above mentioned quantitative and conceptual inadequacies 
of many methods for studying pain ihrashold they have contributed much to 
the general body of information concerning the pain experience. Any serious 
considoration of the nature of pain sensation must take full account of the data 
derived by these methods. 

Bazett and his colleagues have demonstrated that all sensation elicited by 
heating the surface of the skin is the direct result of the change in the thennal 
gradients near the skin sui&oe (46). Also, it has been dem o nstrated that the 
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change in the thennal gradients in the skin is directly proportional to the inten- 
sity of the thermal energy brought to bear upon the skin (47), thereby demon- 
strating that this quantity, measured as the stimilus, is directly proportional 
to the algesic, that is, the amount of pain producing disturbance at the pain 
ending. This stimulus can be expressed quantitatively in gram calo- 
ries/second/cm.® Therefore, to measure the threshold of cutaneous pain the 
thermal irradiation of the skin has proved to be satisfactory and by this method 
both pricking and a burning pain threshold can be ascertained (37, 48). For 
most experimental purposes, a pricking pain thrediold is more convenient. 
Most of the observations on cutaneous pain considered below are in terms of 
pncldng pain threshold. 

2. Uniformity of the Cvlaneoue Pain Threshold in Man. It was observed 
that successive obsert'^ations of the pricking pain threshold on the forehead of a 
single individual could be reproduced within d=3 per cent (thermal irradiation 
method). The pain thre^olds for a group of 200 individuals were thus measured 
(49). They were found to require the same intensity of stimulus to evoke pain, 
that is, 0.218 gram calories/second/cm.’ with a standard deviation of db5per cent, 
mR-giTmiTw variation of =bl5 per cent. The group of 200 included individuals of 
both sexes from ten to eighty years of age. 

In order to ascertain whether pain threshold varies with the emotional states 
of the subjects, measurements were noade in three nidividuals at the same time 
each day over a period of several months. Immediately preceding the measure- 
noent each day, the subjects recorded a statement of their estimated general 
effectiveness and mood. Although during this period these estimates diowed 
wide variation, the pain threshold measured in these subjects did not vary be- 
yond normal limits nor consistently with the general effectiveness or the emo- 
tional state. Also, throughout a twenty-four hour period of enforced wake- 
fulness the pain thresholds were uniform and normal (49). 

From th^ data it is inferred that the pain threshold in nmn is relatively 
stable and uniform when measured in the manner described. Furthermore, 
it is independent of age, sex, various emotional states and fatigue, and tho timo 
of day within the limits of the ability of the subject to maintain propor atten- 
tion (37, 49). 

Factors Whid. Influence Measmm&ni of Cutaneous Pain Threshold in Man, 
Having established the conditions for the unfformity of the pain threshold, 
the factors that alter it may be consideied. These may be roughly classified 
as ph 3 rmcal, physiolo^cal, chemical and psychological. 

The several physical factors which wore observed to affect the pain threshold 
are those that vary the rate of heat loss from the skin. Also, the thickness of 
the skin (calluses) and the skin temp^ture, alter the amount of energy re- 
quired to elicit pain. Variations in the intensity of stimulus required to elidt 
threshold pain on different ports of the same body may be accounted for by 
these factors. To diminate these physical factors most tests were made on 
the forehead because the skin temperature of the forehead and tho thickness 
of its ddn are uniform from person to person. Starting with the periphery 
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it is evident that two effects may be expected from the peripheral ftnrlin gB 
responsible for pain. The threshold may be lowered by traumatic deformation, 
denudement or injury of tissues near these endings. There is experimental 
evidence that the pain threshold may be lowered as much os fifty per cent in 
simbumed skin (60). Other experiments show that by local anesthetization 
the tlircbhold can bo greatly raised or even obliterated. Obviously, blocking 
or cutting through a nerve fibre prevents it from carrying any impidses. 

When a peripheral nerve is slightly injured, as by sustained pressure, a pin 
prick administered with constant force may feel less sharp, although the pricking 
pain tlrreslrold in the area of sMn supplied by that nerve may be normal. How- 
ever, if the nerve injury bo sufficiently gimt, not only do pin pricks feel lees sharp, 
but the pricking pain threshold, as ascertained by the radiation tochmque, 
is raised. 

A raised paiir threshold was observed in hsrpoalgesic areas of skin in patients 
with syringomyelia and damage of the spinothalamic tracts. A stimulus 
strong enough to cause blistering was sometimes required lo evoke pain. In 
patients with Icaons in the region of the internal capsule, elevated pain 
thresliolds were also observed in the involved areas of sldn, where pin prick 
felt less sharp. Furthermoro, in patients with so-called control pain and lesions 
near the tlialamus, with biuning sensation and other parestherias associated 
with the complaint that pin prick felt sharper than normal, the pain threshold 
in the involv^ painful area was usually elevated and never depressed (37, 4.8). 

Also, there are other factors that may change the level of the pain thre^old 
(37). Distraction, suggestion and hypnoris have been demonstrated to raise 
the pain thiediold as much as thirty-five per cent. It is also observed that 
certain persons, during periods of fatigue, lethargy, suggestibility, prejudice 
or imxicty were rumble to focus on tlio procedure or to maintain an objective 
attitude t oward the sensation. In such persons the pain threshold varied greatly 
and was luiprcdictablc. In the assay of analgesic agents, the attitudes and at- 
tention of the subject became obpecially important. Entirely different measure- 
ment s of pain threshold were obtained depending on tho ability of the subject 
to give attention to the assay. In a su^ebtiblo or prejudiced subject placebos 
significantly raised the pain threshold, w'heroos ordinarily effective amounts 
of unulgesics produced minimal pain threshold raising effect (51). 

It has long been known that ‘*of two pmns occurring together, not in the same 
part of tho body, the stronger rvoakens the otheri’ (Hippocrates). A corollary 
of this ancient observation is the experimental demonstration of a raised pain 
threshold in persons experiencing pain spontaneously or with pain experi- 
mentally induced. Qanamon and Starr (62), althou^ they were concerned 
with the effects on intensity of sustained pain rather than on pain threshold 
made similar observatioDs. According to these authors the intensity of sus- 
tained deep pain induced by the subcutaneous mjection of ten per cent sodium 
chloride into tho ann is appreciably, though temporarily, reduced by stimu- 
lation of the filrin adjacent to the area of pain. The intensity of pain was modi- 
fied not only immediately after the application of the counter-irritant, but again 
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inmiediately after it had been withdrawn. In pain due to ointments applied 
on the skin, only cold applied to the painful areas reduced its intensity. 

Effects of Analgesics on Pain Perception. Predictable effects as regards ele- 
vation of pain threshold were obtained with a variety of analgesic agents (14, 
15, 17, 53, 54, 55, 56, 57, 58, 59). Also, TnajriTnfil analgesic effects were achieved 
by given amounts of a drug and larger amounts within pharmacological limits 
produced no further thr^old raising effect (14, 15, 59). However, as one ap- 
proached narcoGos following very large amounts of an analgesic agent, further 
threshold elevation was achieved (69). With smaller amounts, the effect on the 
pain threshold was proportional to the amount. Each of the drugs studied had 
its own maximal or ceiling amount whidi produced the mH,ximal threshold raising 
effect. Furthermore, analgesics acted on pain with approximately the same 
effectiven^s whether the noxious stimuli were conducted by smaller or by larger 
fibres (48, 69). 

To ascertain whether these generalizations concerning threshold-raising effects 
are valid for deep pain as well as for cutaneous pain, Harrison and Bigelow (43) 
used a modification of Lewis' method for inducing deep pain (26). By re- 
peatedly dendimg the fist at the rate of once per second, after establishing 
asphyxial block by means of a ligature about the upper arm, a predictable number 
of contractions could be established as the thre^old for pain. It was observed 
that the number of contractions of the hand necessary to induce pain was in- 
creased after analgesics. In tenns of percentage, the effect approximatod 
that for the cutaneous pain threshold obtained by the radiation technique. 
Thus, the aforementioned generalizations concerning the action of analgesics 
are valid for both cutaneous and deep pain. Moreover, there exists no satis- 
factory evidence to support the view that one or another analgesic agent is de- 
pendent for its effects upon the typo or the source of pain. 

Experiments were performed to ascertain whether them be a quantitative 
relationdiip between the change in pain threshold resulting from the action 
of an analgesic and the intensity of pain produced by standard stimuli well 
above the threshold (60) (see next section). It was observed that after the 
administration of a threshold-raising agent, the estimation of experiment <Uly 
induced pain is strikingly modified. Thus, when the pain threshold is nusod 
approximately forty per cent, stimuli which previously induced pain of throo 
plus intensity are no longer painful, and those stimuli that normally induce 
pain of seven to d^t plus intensaty induce pain of three to four plus intensity. 

Quantitative study of the effect of an analgesio agent in reducing the intensity 
of the spontaneous pnin of disease is just beginning. This important question 
has not been approached hitherto because of lack of experimental methods, 
and because deductions regarding analgeac action have been made largely from 
the agent's effects upon the pain thiediold of normal subjects. Some of the 
difSculties of interpreting these data in terms of the individual in pain have 
been pointed out above. 

It has long been known that pain is a powerful antagonist of morphine action, 
and it has been demonstrated that prolonged pain diminiahftfl or obliteratos 
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the thieshold-raisiiig action of moiphine (14). Depending on the tiTna the x)ain- 
ful experience was experimentally introduced in terms of tiie curve of thrediold- 
raising effect of the morphine, a greater or lesser degree of disturbance 
in threshold-raising action was observed. Thus, if a pain of a given intensity 
and duration was experienced in the course of the action of an analgesic agent, 
it modified the thrc^old-raising effect but little. If it was e:q)erienced early 
in the course, a gross reduction of threshold-raising effect was obeyed. D^pite 
the fact that theie was relatively litile elevation of pain threshold under the 
latter circumstancos, the subjects seemed to bo indifferent to the occurrence 
of pain. Althou^ pain may be recognized os such, the individual seems to 
lose his anxiety and other reactions that usually accompany pain perception. 
It would appear, then, that with morphine one can demonstrate the distiaction 
between pain perception and pain reaction. 

The Diso'iminaHon of Intensity of Pain. A new approach to the study of 
the pain experience has been made in attempts to evaluate the intensity of 
pain above the pain thre^old and to correlate this evaluation with the intensity 
of the evoking stimulus. Experiments of this nature on otiier sensations, par- 
ticularly vision, hearing and heat, have been carried out and have added much 
to the understanding of the sensory mechanism involved (60, 61, 62, 63, 64, 
06). 

Hio ability to discriminato small differences in intensity of painful stimuli 
has boon investigated by means of the thermal radiation method (60). This 
disciimination was studied in the intonsity range from the pain threshold (218 
millicalories/scc./cm.*) to intensities of more than twice this value (480 milli- 
calorics/seG./cm.‘). It was found that from the pain thre^old to forty-five 
per cent above, it was possible to distinguish differences in mtensity of pnuful 
stimuli of d=4 per cent of the threshold stimulus. As the intensity of painful 
btimuluB was inoroased beyond 345 inillioalorios/Beo./om.‘ this keen disexizni- 
nation gradually diminished. With intensities of 480 millioalori^/sec./cm.’, 
i.o., more than twice that of the pain threshold, differentiation for higher in- 
tensitios was no longer possiblo. Between threshold stimulus and the stimulus 
l)eyond which no fuilht'r discrimination was possible (i.o., the hipest intonsity 
of pain which can ])0 perceived), approximately twenty-one just noticeable 
(lifforencos of pain intensity could be distinguished. With the higher inten- 
sities of Htim\iluB tissue damage occurred. 

In this connection it is important to point out the fine discrimination possible 
for pain sensation, i.o., twenty-one discriminable steps for a two-fold increase 
in stimulus intensity. In contrast, the range of energy required to elicit a skin 
sensation by thermal stimulation beginning at the threshold of temperature 
or warmth sensation and ascending to the pain threshold is as one is to 2000 
(03). There appear to be only about ninety steps of intensity of sensation 
distinguishable between w’ormth threshold and the onset of pain. Also, the 
onei^ range for vision from the thre^old to the dazzle point is as one is to ten 
billion and there ore only 672 distirguishable steps in this enormous range (66). 

Certain individuals commonly overestimate the intensity of spontaneously 
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occurring or experimentally induced pain, but many of these individuals are 
able, when given a standard painful stimulus, to distinguish various levels of 
intensity. Although there are some persons who are untrustworthy ■witnesses 
of pain intensity, they are identified by their overreaction to non-noxious stimuli 
and their anxiety concerning or prejudice toward the experimental procedure. 

Bmdence Concerning SpaiioL Summatim for CvtaneovA Pain. There are two 
aspects of spatial summation. The first wMch has been reported for 'vision (61) 
and for heat sense (62) is that the intensity of sensation from a fixed intensity 
of stimulus increases or decreases with decrease or increase in the size of the area 
stimulated. Althougih experience indicates that noxious impulses may summato 
under certain circumstances there is at present no quantitative evidence on this 
point for pain sensation. The second aspect of spatial summation which has 
been demonstrated for viaon (61) and for cutaneous temperature sensation 
(62) is that the sensory threshold is decreased or increased as the size of the area 
stimulated is increased or decreased. The usual explanation of this effect is 
that the sub-thre^old impulses from separate end oi^sans are summated in the 
central nervous system to produce a sensation (35). The significance of spatial 
summation to the body economy is that it provides extreme sensiti-vity, thereby 
permitting sensation to be evoked by minute changes in the environment. For 
example, vision is stimulated by as little as fifty-ei^t quanta of energy when 
the entire eye is illuminated, and warmth senso is evoked by a rise in skin temper- 
ature of 0.0008® C/sec. when the entire body surface is stimulated (62). 

That spatial summation does not occur when the number of noxious impulses 
originating in the periphery is greatly increased above the control pain threshold 
level was demonstrated by the fact that morphine had the same threshold raising 
effect whether measured in small or in large areas of skin. 

For the study of cutaneous pain threshold it was of importance to ascertain 
whether pain sense exhibited the phenomena of spatial summation. It was 
observed that within the limits of application of the method, the pain threshold 
for normally innervated skin was dependent alone upon the strength of the 
stimulus and not upon the size of the area stimulated, i.e., it was independent of 
the number of end organs stimulated (36). 

Measurements of pain threshold by the radiation teebniquo for areas of skin 
0.8 cm.‘ in size and smaller show an increase in the pain threshold as the area 
is decreased. This would appear to be evidence of spatial summation of cu- 
taneous pain but careful measuiments have shown that due to diffraction 
and thermal conduction in the skin, ‘the increase in skin temperature produced 
in such small areas by a specified intensity of radiation is not os great as in larger 
areas. That is, the limit for comparison of area for the radiation technique is 
approximately 0.3 cm.^ and the apparent spatial summation is actually a measure 
of the progressive failiue of the radiation to raise the pTHn temperature in such 
small skin areas. This artefact demonstrates the importance of establishing 
a known relationship between the quantity measured as the stimulus and its 
pain evoking action. 

Another apparent exception to the concept of non-spatial summation is pre- 
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seated by subjects who had the number of pain endings in the tissue studied 
greatly reduced as a result of sensory root section. Thus, in the case of a patient 
who had his seventh and ei^th cervical roots sectioned, the pain threshold 
was average and imifomi on the lateral or normally innervated si^ of the hand. 
It was distinctly clevatetl on the medial portion or that supplied by the sectioned 
roots. The pain tluesliold rose abruptly as it approached the most medial 
portion of tlie hand and fingera. It is conceivable that the elevated pain 
thresln>ld in the margin of tlie nerve-free region is the result of an inadequate 
density of pain endings in the tissue. It is, however, more likely that the per- 
ception of any pain in this area was due to a defect in the method of study, 
in that the strong thermal stimulus was actually stimulating distant pain endings 
in the intact portion of Iho hand through poorly conducting sldn tissue. 

The importance of tho lack of spatial summation i& tvvofold: first, it dis- 
tinguishes cutaneous pain physiologically from cutaneous temperature sense; 
secondly, it implies that the intensity of a pain is dependent upon the intensity 
of the stimulus and not upon the size di the area involved, althou^ the total 
distress to the individual is dependent both upon the intentity of the stimulus 
and tho size of tho painful area and other factors (36, 60). 

Moreover, associated with tliis lock of spatial summaticui for pain the range 
of stimuli for producing pain up to the point of tissue damage is small (60). 
It has been repeatedly derounstmted on the skin that a stimulus twice the 
pain threshold value causes tissue destruction. In contrast with this is the 
wide range of stimuli between tlie threshold for warmth and the pain threshold. 
It was mentioned that the range of stimulus energy from tho excitation threi^old 
of warmth or temperature sensations up to the pain threshold is as 2000 is to 
one (02, 63). Uore spatial summation is of the utmost importance for orienta- 
tion, and permits a wide margin for discriminative actions of aggression and de- 
fence. Throu^ pain the organism is warned of the unminence of tissue damage. 
There is no need in the body economy for a ivide range of experience between 
the onset of pain and tissue damage ^ce with the first pain impulses tho organ- 
ism receives warning that tho limit of safety has already been passed. On the 
otluT hand, lack of spalial summation of pain provides that tho organism will 
not be overwhelmed by noxious impute and so prevented from effective action. 

Two Types of Cutamous Pain, The earliest mention of the view that there 
are two typos of cutaneous pain was made by God and Goldsheider in 1892 (67). 
Sinco then the double nature of cutaneous pmn has been repeatedly eaplored 
and altliougli mvostigators differ ooncoming whether or not there are two 
qualiti^ of cutaneous pain or mer^ variations of one, all are lapsed as to the 
difference in speed of perception. Woollard, Weddell and Harpman (6), Boring 
(68) and more recently Bigelow, Harrison, Goodell and Wolff (48) are of the 
opinion that two qualities of pain are involved. Lewis (26) and Gasser (30) 
are 1^ oonvinced of differences in quality of sensation but find the difference 
in the speed of perception of special inter^. According to Bigelow, Harrison, 
Goodell and Wolff (48), one type of pain is abrupt in onset and has a pricking 
quality which quickly terminates; tho other type is slow in onset, never reaches 
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an abrupt or piiddng climax and more dowly recedes. The latter pain has a 
burning quality whether initiated by pin. prick or by heat. 

Bishop (69, 70, 71, 72) suggested that “itch, nonpainful prick, and pain, 
elicited by appropriate patterns of stimulation from the same point differ in 
quality as w^ as quantitatively.” Thui qualitative shift with a changing 
quantity of stimulation indicates, according to Bishop, “a central qualitative 
interpretation of sensory impulses depending on quantitative factors involving 
identical peripheral mechanisms within the sin^e modality of pricking pain”. 
It must be pointed out, however, that “stimulation from the same point” is 
not equivalent to stimulating the same single nerve ending, and therefore does 
not ensure the implication of an “identical peripheral mechanism” for touch, 
itch, prick and pain. 

Gasseris (73, 74) esperiments indi3at6 that the pain first to be perceived 
when a pin is pressed into the skin or when a finger touches a very hot electric 
bulb, the so-called '^first pain”, is carried mainly by the larger meduUated 
fibres conducting at a rate between 10 and 90 metres per second, whereas the 
slow pain, or that to come on after the above pricking pain has been experienced 
(so-called “second pain”) is carried mainly by small fibres called 0 fibres at a 
rate of between 0.6 and 2 metres per second. 

Bigelow, Harrison, Goodell and Wolff (48) using the radiation technique 
studied the difference in properties of these two types of pain. Instead of 
“pricking” pain endpoint with its final abrupt, shajp-pointed quality, they 
measured and used the sensory threshold of **buming” pain which was thirteen 
per cent lower than the threshold for pricking pain for a 5 second exposure to 
radiation. It had a painful quality which was easily recognized. They showed 
that this second or burning pain sensation had many properties in common 
with pricking pain in that the threshold was raised after administering alcohol 
or morphine, and that no spatial summation occurred when larger and larger 
areas were stimulated. 

Hence, under the drcumstances mentioned, there was studied the threshold 
of another type of cutaneous pah akin, perhaps, to Lewis’ “second pain” 
(26, 76) and conveyed jirobably by Gasser’s “C” fibres (73, 74). The forehead 
was examined from the point of view of separating these two thresholds and it 
was noted that over a conriderable range in the time of exposure, the pricking 
pain threshold was appreciably hi^^er than the burning pain threriiold. The 
difference between the two threriiolds is more difficult to establish when the 
tissue is briefly stimulated. 

Fr(nn observations of these two types of pain it became possible to undcistand 
certain pathological states. It appeared from studios of pricking pain throdiold 
that there was no lowering of pain threshold in patients with hyperalgesia (70) 
and peripheral neuritis (48), Indeed, in most instances the pricking pain 
threshold was elevated. Yet bedside experience forces recognition of the fact 
that pin prick or manipulation of the akin caused pain at a lower threiffiold. 
'When such a i)ati.ent with nerve initiry due to a tumor prising tqKm the cervical 
roots, was carefully studied it was demonstrated that the thre^old of burning 
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pain 'was aictuaily much lower 'than normal, whereas 'that pricking pain, as 
pre-viously observed, was considerably higher. It would appear that the nerve 
itself, because of damage, functioned abnormally. Motivated by the experience 
of Lehmann (77) that faulty oxygonatian of nerves mi^t lower their threshold 
and even cause spontaneous discharges, burning and pricking pain 
wore assayed in subjects during periods of nerve asphyxia. Such asphyxia was 
achieved by binding a blood pressure cuff about the arm, inflating it to 200 mm. 
of mercury pressuro and then during the ensuing forty minutes ascertaining 
the pricking and burning pain thresholds every few minutes in the manner 
described above. 

Following the onset of asphyxia Ihe pricking pain threidiold was sli^tly 
lowered for a short time and then started to rise and continued to rise rapidly 
until in about a half hour pricking pain was no longer discernible. On the 
other hand, the buming pain threshold was lowered for a much longer time so 
that at the end of twenty minutes it was thirty-two per cent lower thftn its 
control level. It was during this period that ^hyperalgesia*’ existed in the sense 
that a pin pressed into the skin caused buming pain with its characterisric 
features. This is the period during which Lewis* and Podhin’s “second pain** 
(76) dominates and the “first pain** disappears (26, 76). It is also comparable 
to -that phase of norve disease during which tme hyperalgesia may exist. This 
may be expressed for superficial pain in the reaction to the pin as just described, 
and for deep pain by the tendomoss associated with i^pation of the deep 
structures. 

In summary, then, it may be said that the skin is endowed with two types 
of apparatus for perceiving noxious stimuli, one giving rise to the quality of 
pricking which reaches the sensorium rapidly, the other giving rise to the qu^ty 
of buming which roaches the sensorium less rapidly. The latter is siinilar to 
the quality paiii^ e:!q>orioQcod on the glans and on some mucous memhranes. 
This second quality would appear to be an intermediate botween superficial 
and doep pain. 

Inference Concerning tlvc “Hyperalgesia” of Peripheral Neuropathy. The 
sensory changes that occur during ischemia of an extremity resemble in many 
respects those which occur in the peripheral neuropathy of alcoholism with nutri- 
tional deficiencies (78), as woll as in other varieties peripheral neuropathies. 
Sensations subserved by the myelinated fibres are impaired before those sub- 
served by the unmyelinated fibres. 

Wortis, Stein and Joliffe (78) su£%estcd that such “paradoxic pain’* results 
because the loss of one typo of pain sensation enhances the perception of another 
and supported this view by citing Gasser (73, 74), i.e., “that the function of 
the impulses which run on ahead of the others is to adjust the excitability of 
the synapses in preparation for the airi'vaJ of the later impulses**. Accor^g 
to the views of Wortis, Stein and Joliffe, if the impulses from myelinated fibres 
ate lacking, there would be no consequent decrease in syneptio exdtalnlity and 
therefore the neural impulses incident upon the synapses would give rise to more 
intense sensatian. Gasser (73, 74) concerned himself not with sensation, but 
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with a spinal reflex pattern. He did not infer that a rapidly traveling impulse, as 
a result of noxious stimulation, alters a synaptic junction for subsequent impulses 
from the noxious stimulation so that the latter give rise to a sensation of a 
different intensity or quality, 

A further criticism of tho view of Wortis, Stein and Joliflo (78) concerning 
the possible origin of the dysesthesia in peripheral neuritis is contained in tho 
observation of Gordon and Whitteric^ (79). Tho latter have lecordod by 
means of the electroencephalograph the time interval between onset of painful 
stimulation and disturbance of alpha rhythm of the cerebral cortex. In control 
observations, the disturbance of alpha rhythm associated with pain from the 
finger began 0.26 second after onset of stimulation, and following prolonged 
asphyxia of the finger, the interval between onset of painful stimulation and 
disturbance of alpha rhythm was 1.02 seconds. Whereas patients with cutaneous 
dysesthesia accompanying peripheral nerve lesions m the upper extremity demon- 
strated no abnormal delay, the average time interval between onset of stimu- 
lation and disturbance in alpha rhythm being 0.21 second indicating that the 
fast conducting pain fibres are still active in these patients. Such data fail to 
support the concept that dysesthesia results from destruction of fibres con- 
ducting fast impulses. 

The data from the experiments of Bigelow, Harrison, Goodell and Wolff (48) 
suggest a simpler conception of the “paradoxic pain” of peripheral neuropathy; 
as the e3q)rGssion of a defect in peripheral nerve, the threshold for “burning” 
pain subserved by umnyelmated fibres is so depressed that ordinarily innocuous 
stimuli are perceived as painful, whereas at the same time the threshold for 
“pricking” pain, subserved by myelinated fibres, is elevated. Under these cir- 
cumstances, contact with the bed clothes produces a painful burning, and yet 
pin prick perception is impaired. 

Deep Pain — Visceral and Somatic. Since the head (80) and abdomen (81) 
are responsible for a large share of human discomfort, and, as well, afford 
examples of two entirely different mechanisms of visceral pain, consideration 
will be focussed on these structures. 

Pain from the head does not emanate directly from the parenchyma of tho 
brain but from its coverings and from its supporting and vascular structures 
(18). The brain parenchyma and the linings of the ventricles of the brain are 
insensitive. The analysis of blood vessel pain reveals that a good portion of the 
pain from the head has its origin in or about these nutrient structures. For 
analysis of such blood vessel pain from the head, the cranium may be divided 
into three layers, the most superficial induding vessels on the outside of tho head, 
the middle including the dural vessels, and the deepest layer including the plft l 
and cerebral vessels. Postponing consideration of the pain sensitivity of venous 
structures, that of the deepest layer of arteries may be analyzed first. 

It has been possible to demonstrate in conscious and co-operative individuals 
that the arteries of the brain aie pain senative in certain regiona, notably at 
the base (18). 

Secondly, it has been shown that histamine which widely dilates cerebral 
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arteries is capable of producing pain (18, 82, 83, 84). The resultant headache 
has a pulsatile, throbbing quality. It has been dmonstrated that it results 
from (hlataiion of the cerebral arteries. 

It is well known that such indirect effects as muscle ischemia resulting from 
vasoconstriction may cause pain (26). Also, it is possible that pnin may result 
indirectly from nerve or root ischemia (86). However, with the possible 
exception of cold pain (86) there is no ovidenco to show that axterial contraction 
causes pain directly. Epinephrine, when locally applied to the smface of the 
pain sensitive middle meningeal artery caused its walls to contract so vigorously 
that the end result was a vessel which had but a fracticai of its fonner diameter, 
3 ^t no pain was elicited by such spasm (18). That constriction of cerebral 
arteries sufficient to impair brain function does not elidt pain was also indicated 
by patients with scotomata as forerunners of migraine headadie attacks (87). 
Marked visual field defects in sudi patients preceded the onset of headache 
whereas overcoming such constriction by suitable vasodilators, when carried 
to excess, resulted in pain. On the other hand, migraine headaches due to cranial 
arterial distention were reduced in intendty or abolished by vigorous vaso- 
constriction as, for example, with ergotamine tartrate or epinephrine (88, 89). 

Since blood vessels entering and leaving the brain act in part as supporting 
or anchoring structures, they may become the origin of pain through traction 
upon them or displacement. Many such supporting structures have pain fibres 
on their surfaces. The method of analysis of such deep pain due to traction 
was as follows (00): A noodle in the subarachnoid space was attached to a 
water manometer. It was then p(mble to vary at will the pressure within 
the subarachnedd space, and to estimate the intracranial or vertex pressure. 
Under these drcumstancos traction on anchoring venous structures could be 
induced. Often, pain could be evoked in a subject with increased intracranial 
pressure by lowering the pressure to normal, haversely, a headache associated 
with low intracranial pressure could be reduced in intensily by raising the 
pressure to normal. 'Ihirdly, headache failed to be induced in normal subjects 
by raising the pressure eight or ton times above the normal level (91). 

Further, it was observed after spinal drainage and tilting of the subject toward 
the upright position, when the disparity m nc^tive pressure between the intra- 
cranial venous pressure and that in the subarachnoid space became suffidently 
great, that the oorobral veins dilated and pain was experienced. Ihoieasing 
the cerebral venous prossuro by jugular compression increased the intendty 
of this pain. Hence, it is necessaiy to infer that changes in cerebrospin^ 
fluid pressure, per se, are not respontible for headache. The latter has its 
origin in traction on pain^son&itive vascular structures (90, 91). 

The Nonspecific Qualiiy qf Deep Pain. Attempts were made to differentiate 
in the same person toe quality of pain: a, in headache resulting from intravenous 
histamine, causing noxious impulse from cerebral artery distention; h, in 
migraine headache emanating chiefly from distended branches of the exfxrasX 
carotid artery; o, in headache due to venous traction arising after spinal fluid 
drainage, and d, in headache resulting from injection into toe frontelia muscle 
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of a hypeitomc salt solution. Although these headaches vaiied as regards 
site, pul^tile or nonpulsatile nature and other temporal aspects, and as to 
whether or not they could be modified in intensity by such factors as position, 
movement and chemical agents, the quality of the pain was reported to bo the 
same in ah. It was of a deep, aching, difiTuse nature, quick to arouse reaction 
in muscles and in glands, such as laciimation and injection of the eyes, and 
was associated with feelings of nausea. It was indistinguishable in quality 
from that which results from painful stimulation of the tt^th, the perioetoum, 
or the muscles of the eye (92). 

True ViscerdL Pain. The evidence concerning true visceral pain has been 
repeatedly challenged since it is difficult or impossible to stimulate one of the 
visceral oigans without at the same time stimulating supporting structures. 
Mackenzie (93) emphasized that no conclusion concerning j>ain sensitivity of 
an organ should be drawn if stimulating pressure is exerted through it against 
structure which may in themselves be sensitive. Lewis asks whether it is pos- 
sible that tenderness in patients with gastric ulcer sometimes emanate from 
the attachmenis of the ^madi to the posterior abdominal wall. Resolution 
of this question, says he, is important to the problem of visceral pain, for if one 
admits that true visceral tenderness occurs, then one simultaneously agrees 
that pain can result from stimulation of a viscus. 

The stomach offers an excellent opportunity to resolve the question as to 
whether or not there be true visceral pain. Wolf and Wolff studied a man w'ho 
had a large gastric stoma, surgically produced because of esophageal occlusion 
when the subject was a child. It w'as observed in this subject that when 60 or 95 
per cent alcohol was introduced into the cardiac end of the esophagus it produced 
a sensation of ‘lieartbum” (81). These observations confirm those made earlier 
by Jones and others (21, 94) in individuals with intact gastrointestinal tracts. 

When the healthy mucosa of the fundus of the stomach was explored through 
the stoma described above, and the wall of the mucosa was pressed between the 
blades of a foi’ceps, no pain resulted. Furthermore, faradic stimulation Intense 
enough to cause pain on the tongue, whoi applied to the fundus muc(»a produced 
no pain. Fifty and ninety-five per cent aloohol, 1.0 N hydrochloric acid, 0.1 N 
sodium hydroxide or 1:30 susponsiGn of mustard when applied to the mucosa 
produced no pain. 

However, when the gastric mucosa was injQamed, congested and edematous 
for whatever reason, aU of these procedures evoked a pain of considerable inten- 
sity. 

Whereas mucus is a highly protective substance, the absence of mucus does 
not explain the change in pain threshold. When the mucus was aspirated 
away from the normal mucosa, pow'dered mustard placed on the now dry and 
unprotected mucosa did not immediately produce pain. It was not until some 
time had elapsed and the mucosa had become red and edematous that painful 
sensations could be elicited by pinching or by faradic current. Also, various 
noxious (hemical agents sudi as 1.0 N hydrocblorio acid and 50 and 95 per cent; 
alcohol now become oapable of evoking painful sensations. 
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Thus, althou^ the number of pain fibres and finding p may be relatively 
small, there can no longer be any doubt about true visceral pain oiigmating in 
noxious stimulation of the inflamed gastric mucosa. 

The question whether pain btema directly from the muscularis or rather 
from the mesentery and visceral peritoneum is less readily answered. Lewis 
(20), from his siumnaiy ot available evidence, inferred that contraction of the 
muscle of the gut do<*b not ^ve rise to painful sensations. It is his opinion 
that c^crimeuts aimed to resolve this question lead to the conclusion that 
mesenteric attachments are the sources of pain. It is generally agreed that the 
parietal peritoneum when suitably stimulated gives rise to sensations of pain. 

Recent evidence (81) on the aforementioned subject has come from two 
series of experiments. 1. Ordinarily when the stomach contracts with a force 
sufficient to support 35 mm. of mercuiy pain is elicited. When the gastric 
mucosa is inflamed it required a force sufficient to support only 20 mm. of mercury 
to produce a similar pain. It may not be inferred from such on experiment that 
the pain is elicited exclusively from tho mucosa. It is doubtful, moreover, 
whether it represents mesenteric traction since there is less traction as the 
result of a force supporting 20 mm. of mercury than 35 mm. It seeios likely, 
therefore, that some of the pain emanates from the structures deeper than the 
mucosa, namely, from the muscularis, the serosa or tho visceral peritoneum. 
2. When the stomach was stretched by glass rods it was found that when the 
contractile state of the stomacdi was average the pressure necessary to produce 
pain was 100 grams per sq. cm. However, when the stomach waU was strongly 
contracted pressure of 50 grams per sq. cm. or half that originally applied was 
found sufficient to produce pain. On the other hand when the stomach was 
relatively relaxed 150 grams per sq. cm. of pressure was necessary to induce 
pain. Again, those observations suggest that the musoularis or serosa may 
contribue to pain experienced from the stomach. 

To supplement these observationB on the exposed gastric mucosa, indirect 
but significant evidence comes from the observations of Fahner (96) who has 
shown that pain from poplic ulcer occurs only when tho gastric content is add. 
It is reduced in intensity or eliminated by emptying the stomach as by emesiB 
or aspiration, and by neutralizing tho add oont^t with food or alkali. Also, 
in tho patient with peptic ulcer, who is tomporarily free of pain, injections ot 
dilute hydrochloric add (0.25, 0.5 and 1.0 per cent) will induce pain. Pain is 
not induced by tho injooiion of such hydrochloric add into the normal stomach 
or into the stomachs with healed peptic ulcera. 

Also, evidence from x-ray examination, according to Palmer (96), demon- 
strates fhat the pain of ulcer is not dependent on hyperpeiistalsis, sustained 
contraction of the musculature, pyloiospasm or distention of the ontrumu How- 
ever, all of these in conjunction with hyperacidity and inflammation augment 
the pain of ulcer. Thus, peristaltic contractions may induce pain in a patient 
with ulcer when there is add present but if the odd is neutralized, peristalsis 
no longer induces pain. As in Ub.e skin and in the mucosa of the bladder and 
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of the nose, (96, 99) inflammation of the peptic mucosa also lowers its pain 
threshold (81). 

An Analyse of Deep Pain. A conception that aims to oi^anize the data on 
deep pain must include an appreciation of the following characteristics: associ- 
ated muscle contraction either transimit or sustained, coupled with smooth 
muscle and glandular effects; deep tenderness; faulty localization of pain; spread 
of pain; and surface hyperalgesia anfl hyperesthesia. 

a. Rigidity and Tenderness. It is a common observation that deep pain is 
followed by local and sometimes distant contraction of skeletal muscle (26, 96). 
The head is a suitable place for the demonstratian of such muscle rigidity and 
tenderness in association with visceral pain (97, 98). 

When the pain senative structures about the brain or other deep structures 
of the head are stimulated, the muscles of the head contract. If this stimulus 
is short-lived, muscle effects are also brief. If, on the other hand, the painful 
stimulus from deep structure persists, long-lasting contractions of the muscles 
of the head and neck and even of the ja^ and face take place. Such sustained 
contraction may, in itself, induce pain, and, as well, tenderness of the muscles 
involved (for example, in certain patients with brain tumor). Recent e3q)eri- 
mental evidence permits a more precise statement as to the degree and nature 
of such pain of muscle oii^. 

Deep noxious impulses with pain from the head cause contractions especially 
of the frontal, masseter and temporal muscles, greatly accentuate winking and 
ultimately cause contractions of ocdintal and cervical muscles. There may also 
be vasoconstriction or ischemia in the area of muscle contraction. Lacrimation, 
nasal congestion, edema of the lids, injection of the conjunctiva, sweating and 
photophobia, nausea and vomiting are common. 

Similar contraction effects followed the introduction of a foreign body into 
the conjunctival sac or on the cornea. They followed diplopia escperimentally 
induced throu^ the use of lens« (19). Lemg-standing paranasal disease was 
also associated with sustained painful contractions of the head and neck musclos 
(97). Muscle pain and tenderness resulted from painful distention and faradic 
stimulation of tiie ureter (96). Occasionally after a sustained and painful disten- 
tion of the ureter, muscle contraction effects increased to such a degree as to 
become the major factor in the individual’s discomfort for as many as twenty- 
hours. It is thus apparent that noxious impulses, whether they emanate from 
somatic or visceral structures ^ve rise to the same type of muscle contraction 
effects, a conclusion originally formulated by Lewis from his experience with 
abdominal structures and paia (26). 

Lewis and Kellgren (28) have demonstrated the non-^edficity of such musde 
reactions and also how the muscles themselves may become sources of noxious 
impulses resulting in pain. Furthexmore, it has been diown that the pain due 
to such sustained contraction of dcdetal muscle is mided by disrupting the 
mechanism of noxious stimulation in the musde by procaine inflltration (97, 98). 

Though muscle tenderness is often a sequel of the prolonged muscle contraction 
perhaps coupled with isdiemia, (26, 75) not aU subcutaneous or muscle tenderness 
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has such an explanation. The experiments of Robertson, GoodeU and Wolff (41) 
demonstrate another mechanism of such deep tenderness. After inducing 
headache, deep tenderness, surface hyperalgesia and hyperesthesia in the tempo- 
ral region of the head by prolonged stimulation of a tooth, procaine was infil- 
trated intraoutanoously at the bite of most intense temporal headache, tenderness 
and surface hyperalgesia. Within a few seconds after the injection there was 
analgesia of the skin and the subject estimated that a portion of the headache 
was eliminated. The temporal muscle beneath the analgesic skin remained 
tender to palpation. When procaine was injected into the belly of the temporal 
muscle as well as intraoutanoously, pain still persisted although local tenderness 
was eliminated. However, when the tissue about tho noxiously stimulated 
tooth was infiltrated with procaine, there was complete elimination of all pain. 

It is therefore suggested that tenderness sometimes results from central spread 
of excitatory effects of sustained noxious stimulation. A similar mechanism 
is invoked to explain surface hyperalgesia and hyperesthesia and is considered 
further in a following section. 

h. Localimtim and Spread. The localization of deep pain is conveniently 
studied by stimulation of the nasal and paranasal structures (09). Thus, when 
the mucosa about tho ostium of the maxillary sinus was stimulated either 
mechanically or liy faradic ouiTcnt there resulted at first a looalizable intranasal 
painful sen&ation. Whon the noxious stimulation was continued, the subject 
experienced pain which spread over the homolatcral portion of the nose and 
cheek, along the zygoma, into the temporal region, and into the upper teeth. 
In short, the pain spread at first from tho site of stimuLation to predictable 
sites in tho same segment. Whqi noxious stimulation of the turbinates was 
continued for ton minutes the area of pain spread over most of the area of distri- 
bution of the second divirion of tho fifth cranial nerve and ultimately spread to 
involve adjacent portions supplied by the third and fii-st divisions. This new, 
more widespread area of pain had a deep aching quality, which became so intense 
06 to minimize tho pain from tho noso. 

Tlio deep aching sensation was associated with blushing of the skin over 
tho cheek, injection of tho oonjunotiva, lacrimation ond photophobia of the homo- 
lateral oyo. Uonce, althou^ deep pain may be initially localized and correctly 
identified as to rite of stimulation, subsequently it may become falsely localized 
because it is experienced iar from the rite of stimulation. Also, noxiouB stimu- 
lation of widely separated structures of tho nasal and paranasal region caused 
an identical distribution of pain in remote portions of the face or head. 
Depending upon the intensity and duration of the painful stimulation the pain 
may remain localized within the same division or segment, or it may ^read so 
that it seems to emanate from peripheral structures innervated by adjacent 
divisions or segments. 

The localization and spread of pain resulting from stimulation of nasal and 
paranasal struotuies are typical of deep pain. Thus, pain tram the stomach 
mucosa, although it is experienced initially as from the stomach itself, subse- 
quently seems to emanate from other parts of the same and adjacent segments. 
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The latter sensations may dominate so that the initial circumscribed pain is 
less apparent. 

McLellan and Goodell (96) have shown that brief low intensity electrical 
stimulation of the ureter from within elicits prompt and severe pain experienced 
along the medial border of the rectus abdominis muscle. Spread from an 
initially limited portion of a segment to other portions of the segment and then 
ultimately into adjacent s^ments was also experienced when the ureter was 
stimulated at various levels above the bladd^ orifice. When such stimu- 
lation was prolonged or intense, the pain spread so as to include other parts of 
the s^ment, beginning on the anterior abdominal wall and ultimately spreading 
posteriorly. However, the effects of muscle contraction soon masked the initial 
pain from noxious stimulation of the ureter to such an extent that the entire 
flank became tender. The muscle contraction then apparently became the dcnni- 
nant source of noxious impulses r^ulting in pain. 

Similar observations were made by Travell, Berry and Bigelow (100, 101) 
who mapped the distribution of referred pain from noxious stimulation of various 
muscles. They observed that the referred pain was e^erienced either within 
the reference area attributed to one segment, within the different portions of 
one segment or in fragments of several segmonts without including any one 
segment entirely. 

'Vi^th coronary artery occlusion or angina of effort the pain at first seems to 
emanate from one or more of the anterior portions of the first four or five thoracic 
segments and spreads headward so as to seem to arise within the structures 
supplied by the lower cervical, then the upper cervical segments. XTltimately 
it may seem to emanate from the lower jaw and teeth. The spread of pain so 
as to include the lower teeth involves the cmvical dors^ horn and the descending 
nucleus of the trigeminal nerve which are contiguous in the upper cervical 
cord. 

To further the study of mechanisms involved in the distribution of referred 
pain, the commonly experienced “ice cream’’ headache was analyzed in a subject 
in whom it was possible to examine separate ports of the esophagus, stomach 
and mouth (102). It was found that f^tal headache developed when the ice 
was applied to the roof of the mouth but not when a considerable amoimt of 
ice was put into the stomach throu^ a stoma, nor when it was held for several 
minutes in the esophagus. Thus, noxious stimulation of structures supplied by 
one division of the fifth cranial nerve caused pain to be experienced in structure 
supplied by another portion of the fifth mranial nerve. Also, but le^s constantly, 
pain was experienced in and behind the ear when ice was applied to the region of 
the fossa of EosenmuHer, and to the posterior wall of the pharynx. These areas 
are all supplied by the ninth and tenth CTanial nerves with possibly a few contri- 
butions from the fifth and seventh cranial nerves. 

The digits of the hand in certain persons are particularly suitable for the 
analyuB of the ^read of pain from a site of noxious stimulation because the pain 
can be recognized in readily separable zones. 

The “cold pain” induced by immeming one digit for 10 minutes in water at 
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0°C. spreads from the immorsed finger to the adjacent border of the nd^boring 
fingers on either side, and may subsequently include the whole of a nd^bormg 
finger and a part of a finger beyond. 

This pattern of spread having been well defined in 21 esiperimcnts in 6 subjects, 
the fifth finger was anesthetized by a distal block with 2 per cent procaine. 
The infiltration of the paired dorsal and volar digital nerves was extended to 
endrclo the base of the digit and included dermis and periosteum. The resultant 
sensory loss in this finger was complete, with absence of superficial and deep 
pain and of touch, temperature, petition sense and vibration sense. When the 
fourth finger was immersed in water, the spread of pain to the fifth and third 
fingers was essentially of the same pattern and of the same intensity as in control 
experiments in which the sensation of the digit was intact. Repetition of this 
experiment with procaine block of the third finger and immersion of the second 
in cold water also revealed that there was no interference with the spread of 
pain into the anesthetic digit. It is inferred that a, the spread of pain is a central 
rather than a peripheral clToct; and h, that the i^read is not dependent upon 
afferent impulses from the iissues into which spread occurs (103). 

Such s^menlal spread of the effects of noxious stimulation associated with 
deep pain would appear 1o be based chiefly on anatomical arrangements within 
the ^inal <brd or brain stem. I'hus, in one of two similar patients studied by 
Ray and Wolff (104) scvci’c pain in the ri^t buttock and lower leg, caused by 
metastatic tumor of the ri^t lup joint and norve plexus, was eliminated by 
sedion of the ventrolatcoral portion of the cord at the fibrst thoracic s^pnent, on 
the left side only. Afier operation, soveie deop pain induced by camprossing 
muscles on the 1(^ (noimol) lower limb or abdomen was felt on the left side only. 
Similar noxious stimulation of the ti^t hip joint or ri^t gastrocnemius muscle 
induced a less intense deep pain but also on the left side; the pain was diffuse, 
poorly Idcalizod and widespread, yet mainly in the tissues supplied by the 
adjacent segments, and it outlast the period of stimulatiQii by about half a 
second. Noxious stimulation of low intensity, or repeated pin prickmg on the 
right side gave no sensation of pain on the left. It is postulated from these 
observations that excitation travels along two possible routes from the piimaiy 
sensory neurons and their collaterals: 1, the well-known path\vay, by neurons 
in the cord segments of their entry and in adjacent segments that cross to the 
opposite side and ascend the cord in the spmothalamio tract; and 2, the pathway 
demonstrated by this patient, that of intemuncial nourozus that cross in the pos- 
terior commissure to conneot with neurons on the opposite side of the cord. 
Tbo latter cross to ascend the oord in the spmothalamio traot on the same side 
as the entering noxious impulses. Pain is thus exporionoed on the side opporite 
to the source of noxious impulses. It is oonceivablo that the additional syn- 
apses neoessary for tho passage of impulses from the aide of entry to the other 
side of the oord introduces rosistanco that makes necessary a high intensity 
of noxious stimulation for surii spread of pain to tho opposite side of the body. 

Included in tho evidence of the effects of spread from noxious stimulation on 
sensory and motor phonomona may be died the observations of GeiUhom (105, 
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106) who hits ^own that spinal reflex movemeiitB, as well as those resulting from 
stiinulation of the motor areas of the cerebral cortex aro altered during periods 
of noxious stimulation of either deep or cutaneous tissues. During such noxious 
stimulation the effect of stimulation of the motor oortex is either intonsifiod 
or qualitatively altered so that different movements may be substituted tempo- 
rarily for those obtained under control conditions. These afferent impulses 
are not limited in their effects to the same side but may also involve the reactiv- 
ity of the opposite side. Gellhom suggested that these phenomena result from 
the cortical spread of excitatory effects, but the evidence for this inference is 
inconclusive. The effects described in his experiments could be explained by 
assuming spread at the spinal cord level. 

Headache occurs m association with distended bladder in some parapl^c 
patients with verifled cord transection, usually during the first few months 
following injury. Such headadii^ are described as throbbing and they may 
be diffuse, bifrontal, or bitemporal. They are generally accompanied by diffuse 
sweating and pUoerection above the level of cord transection as well os below. 
In most instances the headache is relieved almost immediately after the bladder 
has been drained. It is likely that sudh headaches have a vascular mechanism, 
but the anatomic pathways involved have not been ascertained. 

Also, it is difficult to understand on the basis of neural connections the instance 
presented by Henry Head (107), whi<fli involve hoadache m association with 
ch^ disease. Persons with pain emanating from one portion of the ch^ 
were reported to have had headaches in one spedfic portion of the head, whereas 
those with disease and pain in another portion of the chest had headache in 
an entirely different dte. It is apparent horn the ce^ notes that these patients 
had septicemia or bacteremia and the headache could have resulted from humoral 
agents acting on cerebral vessels in much the same manner as has been described 
for e^q}erimentally induced histamine or typhoid fever headaches (82, 83, 84, 80) . 
Assuming, however, that the humoral interpretation is valid, the predictable 
and ^cifio site of the headache is still unesqplainable. Others have been unable 
to confirm Head’s observations. 

The site selected in the faulty localization of pain appears to depend first 
of all on the familiarity of the subject with pain^ experience fretm a region. 
Thus, (m stimulation df intracranial structures, those near the orbit and those 
as remotely removed from the orbit as is the superior surface of the tentorium 
gave rise to pain experienced in, over or behind the eye. K pain be “roforrod 
to” or experienced in the part of the segment most accustomed to noxio\is 
stimulation it must emanate from the region about the eye sinoe here dust, 
foreign bodies, drying, inflammation and muscle contractiGn are common causes 
of noxious stimulation. It is likely that the cerebral oortox is involved in those 
aspects of pain that include previous experience or conditioning. 

c. Svrface Hyperalgesia and HyperesOiesia. On certain portions of the skin, 
as an accompaniment of deep pain, pin prick may be experienced as diarper 
and of longer duration, and tactile and thermal sensations seem more intense 
than, those induced by the same stimuli <m other dermatomes. Such akin areas 
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are izmervated by the same or adjacent neural segments which supply the deep 
tissues from which the noxious and painful impulses are originating. 

This interesting 3 ret inconstant accompaniment of deep pain has caused con- 
fusion and controversy. Though described many years ago (108), tho phenome- 
non was given fresh Interest by Weiss and Davis (109) . These authors suggested 
that deep pain could bo reduced or eliminated an^thetmation of the associated 
hyperalgcsic areas of the skin. Merely (110) reported that hyperalgesia of the 
sUn over tho shoulders from diaphragmatic irritation could be eliminated or 
reduced by anesthetization of the hyperalgesic area, thou^ Woollard, Roberts 
and Carmichael (111) demonstrated that tho more intense pain resulting from 
direct phrenic nerve stimulation and experienced m the Moulder tip was in no 
way influenced by surface anesthetization of this area. 

Inwis (26) was not able to modify the pain of angina pectoris by anestheti- 
zation of the precordial skin nor was it possible for McLellan and Goodell (06) 
to alter tho pmn experience associated with ureteral distention by anesthetization 
of the hyperalgesic skin area of the abdmninal wall . Neither could pain resulting 
from duodenal distention be modified by anesthetization of the hyperalgesic 
area in the skin of tho abdominal wall (112). Anesthetization of the skin over 
the calvarium (not hyperalgesic) in no way influenced the intensity of the head- 
ache resulting from intravenous histamine injection (113). Also, as mentioned 
above, (103) anesthetization of the di^ts in the zone of rofcronco did not modify 
the pain (see p. 187). 

These oontrodiotions aro more apparent than real. It was shown by 
Robertson, GoodoU and Wolff (41) that tho effect on deep pain of procaine 
infiltration is related to tho occurrence and amount of surface and deep hyper- 
algesia. Thus, when a tooth was noxiously stimulated causing headache and 
superficial and deep hyperalgesia ^of the temporal re^pon of the head, 
in^tration of procaine into the hyperal^tio skin and underlying soit tissues 
reduced the amount of discomfort and produced onaigoaa olthou^ it did not 
eliminate tho hoadocho. When tho hyperalgesia was more marked the effect 
of procaine injection was more dramatic. ITcadacho was eliminated, however, 
by infiltration of procaino into the tiwnic about tho tooth (41). It is, therefore, 
evident tliat when pain results from the por&istcncc of primary viscejEal or other 
deep noxious stimi^tion and is associate with hyperalgesia, its istensity may 
bo modified by superficial and deep procaino infiltration in tho hyporalgobic 
zones. However, it is not ^iminated until the afferent impulses from the 
primary sources end spontaneously or are blocked. 

Tho explanation of surfooo hyp^geaa presented by Mackenae (93), Ross 
(114) and Stuige (108) included autonomic afferents and “hyperirriiablc” foci 
within the cord. Lewis (26) has postulated that a special nervous apparatus 
called the nooi-fenaor system is involved in the phonomenon of hypoialgesia, 
but anatomic evidence for the existence of such an apparatus is lacking. 

It ib extremely doubtful that there is liberated in the akin of the hypercstlietic 
and hyperalgOBic areas a chemical agent which lo>vor8 the pain threshold (1 16). 
Repeated observation of pationte with surface hyperesthesia and hypeialgeaa 
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associated with deep pain reveals no significant lowering of the threshold of 
either pricking or burning pain. On the other hand, minimal prickiog and 
burning pain when they arc perceived are experienced as more intense, and seem 
to be of longer duration. In other words, there is apparently on intensification 
of the pain perceived at the usual rather than at a lowered threshold (48, 76, 116). 

For example, n man with hyperalgesia of the right side of the face, socondory 
to noxious impuisob from deep tissu(^, VTiS foimd to have the some pain threshold 
on the two sides of his face, which was within normal limits. However, 
a stimulus inducing a sensation which was reported as one plus pain on the con- 
trol cheek and forehead, induced a sensation which was reported os a three plus 
pain on the hypeialgesic side of the face. A stimulus inducing a sensation 
reported as a four plus pain on the control side of the face induced a sensation 
reported os a six plus pain on the hyperalgeac dde. Also, a stimulus of 0.295 
gram cal./sec. on the hyperalgesic side induced a sensation which was reported 
as equivalent in intensity to one produced by a stimulus of 0.335 gram cal./sec. 
on the control side (115). 

If there be liberated into the akin sul^tances capable of loweiii^ the threshold, 
then the effects of such substances should persist in the akin for at least a short 
time after the stimulus liberating the substance has ended. To eaploie this 
thirds the following exx>enment Was done: An area of hyperalgesia (intensifi- 
oation of prick with pin and touch with cotton wisps) was produced on the skin 
of the left cheek over the outer edge of the sygomia by placing under the left 
middle and inferior turbinates an irritating “adrenalin” (Parke, Davis & Co.) 
tampon (1:1000 solution). The pain thre^old for bot^ pricking and burning 
pain in the hyperalgedc area, as ascertained by the tbennal radiation technique, 
was not lowered. Moreover, when the pain in the face had been obliterated 
by placing procaine tampons over the irritated surface of the pg pftl mucosa, 
almost immediately thereafter the “hyperalgesia” and “hyperesthesia” of tho 
skin was eliminate. La other words, the “hyperalgesia” and “hyperesthesia” 
did not outlast the period of painful stinmlatian. These observations make it 
seem extremely unlikely that a chemical agent was liberated into the skin, which 
either produced true surface hyperalgesia, or was robponsible for the mtensifi- 
oation noted (59, 116). 

It appears more likely that the intemafication of sensation results from a 
change within the nervous system. It is suggested that tho central oxcitory 
effects due to the pre-existing barrage of noxious impulses in the segmental or 
suprasegmental neural api>aratus alter the situation so as to ma.kft impulses 
originating at the usual threshold in the «ki , n seem more than usually intense 
and persistent. 

A s umma tion effect analogous to the phenomenon of surface hyperalgesia 
is encountered in the eye. It is common experience that persons with a ci ^dor 
in the eye will, on looking into a li^t, experience the light as momentarily 
blister and the cinder as more painful. It is as though a mutual reinlorcemont 
of visual sensation and pain occurs (59). 
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The following experiment may maJke this more evident (69). There was in- 
jected into the musdes of the fordiead a amount of hypertonic saline 
(0.3 CO. of 6 per cent solution). This caused intense pain. The rate of winking 
was frequently measured before and after the injection. It was noted that the 
rate multiplied seven to ei^t times when the eye was exposed to a light of standard 
intensity, and dropped to zero when the subject was put in a dark room. Also, 
immediately after exposure the li^t seemed blister than during the control 
period and the pain in the head due to the salt injection was increased in intensity. 

A possible explanation of this phenomenon is as follows: At the segmental 
level visual impulses entering the colliculus from the retiiia, oxert an excitatory 
influence on the facial nerve nucleus, causing the increase in winking frequency 
The spread of the pain from the site of noxious unpulses in the muscles of the 
forehead to other parts of the head results from ^read of excitation to involve 
most of the trigeminal nerve nudeus so that the predse peripheral origm of the 
pain is no longer coi-tain. Noxious impulses from the head after entering and 
spreading throughout the trigeminal nucleus exert an additional excitatory 
influence on the facial nerve motor nucleus so as further to increase the winking 
frequency (117). The spread of excitation both oaudad and cephalad causes the 
facial, ooivical, massotcr and temporal muscl(» to contract. Additional evidence 
that the motor effect s of this experiment ore segmental (midbrain or hmdbrain) 
in origin was afforded by some patients with Argyfl-Robertson pupil (indicating 
mid-brain disease). Sucli peraans had faulty or absent wink req)anaos when a 
strong light was projected onto the retina. Yet they also experienced mutual 
mtensifioation of light and pain. 

The mutual mtensifleation of pain and visual sensations must involve associa- 
tion areas in the cerebral cortex. Nervous impulses from stimulation of the retina 
by light, entirely separate from those which go to the ooUiouluB, enter the external 
geniculate body directly. There, through a synapse, secondary disturbanoes 
are conveyed to the cerebral cortex. Assuming that current knowledge of neuro- 
anatomy is oorrcct, it is apparent that at ndther the brain stem nor thalamic 
level is it possible for neural acUviticR involved in vision to be influenced or 
modified by those for pain. Suoli phenomena can take place at the coriioal level 
only (118). Thus, althougli reinforcement of the offectB of noxious stimuli by 
non-noxious stimuli docs occur within the cerebral cortex, it is also likely that 
such effects do occur within the cord or brain stem. 

To epitomize this analysis it may bo said that there are three categories of 
deep i>adn: 

1 . Truo visceral and deep &matic pain. Such pain is felt at the site of primary 
stimulation and may or may not associated with referred pain. It is elimi- 
nated by inflltratioD of procaine into the site narious stimulation or by blocking 
its afforont nerves, but it is not altered by infiltratioa of procaine into other 
stnicturos supplied by the some or adjacent neural segments. 

$, Referred pam. Such pain may occur in addition to or in the absence of 
the true visceral and deep somatic pain described above. It is experienced at 
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a site other than that of stimulation but in tissues supplied by the same or 
adjacent neural segments. It may occur either with or \vithout associated 
h 3 rperalgGBia and hyperesthesia. 

a. Wiihovt Buperfidal andfor deep hyperalgesia. In this case pain depends 
only on the centml effects of the spread of excitation of the original noxious 
impulses to the same and adjacent segments of the cord whence they are relayed 
to higlier centres for perception and interpretation. Injection of procaine into 
superficial or deep regions of referred pain does not reduce the intensity of pain 
due to this mechanism. 

h. Wtlh superficial andjor deep hyperalgesia. Referred pain may bo accentu- 
ated in intensity by virtue of the effects of ordinarily non-noxious stimuli from 
zones of reference. Impulses from such sources, normally inadequate to produce 
pain, may do so upon reaching the cord in a segment involved in central spread 
of excitation. Procaine injected into superficial or deep hyperalgesic stmetures 
will abolish this element of the referred pain phenomenon, resulting in more or 
less reduction of the subject’s discomfort, depending on the amount of hyper- 
algesia. 

5. Pams due to secondary skdetal muscular contractions which provide a fresh 
source oj noxious impulses. Pain may result from secondary elEfects of the central 
spread of excitation on the effector structures, including painful contractions 
of skeletal muscles. Such disturbances may be widespread and the pains may 
be experienced in situations remote from the original som’co of noxious stimuli. 
Local infiltration of the contracted muscles with procaine abolishes this type of 
pain by disnipting its peripheral mechanism. 

Thus in addition to the above described (2o) hyperalgesia with unaltered 
cutaneous pain threshold, there may occur secondarily a deep hyperalgesia Avith 
lowered pain threeihold in the deep tissues. 

The Phenomenon of “Centred Pain”. The phenomenon of central pain has 
been but little investigated experimentally. Head and Holmes (119) explained 
this dysesthesia by postulating the failure of cortical inhibition of excitation 
'within the thalamus, due 'to lesions Uiat destroyed cortical thalamic connections. 
Kendall (120) has su^ested that the dysesthewa (tho phenomenon of “central 
pain”) associated with lesiona of the spinothalamic tract and of tho thalamus 
can be interpreted as the result of differential interruption of pathways for 
afferent impulses inducing pain. He postulates that it is the fast conduoting 
fibres in the ^inal cord and in the thalamus which are interrupted by a lesion 
which leaves intact the slow conducting fibres, the central effects of which, it 
is further postulated, are normally inhibited by the effects of impnlpAfl traversing 
the f^ fibres. The fact that pricking pain is experienced by those with central 
pain, althou^ its threshold is devoted (48), fails to support such a view. 

The Dual Aspects of Pain. The disUnction between perception n-nd reaction 
is apparent and is easily appreciated in the case of heat, li^t, touch, cold and 
olfactory perception where the responses are not stereotyped. But when, as 
in the case of pain, there is an inborn as well as an acquired stereotypy the contrast 
between perception and reaction is blurred. The reaction pattern of the organ- 
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ism to noxious stimuli involving pain has many components. It includes 
“feeling” or emotional reactions, smooth muscle, gland and skeletal muscle 
effects, and assumes tho form of withdrawal, fli^^t or fight. 

Instances of the dissociation of pain perception from tho pattern of reaction 
to pain arc seen in the indifference to injury sustained during the excitement 
of games or combat; the apathy, or “quietism” that accompanies tissue damage 
during certain religious and mystical practices; the indifference to tissue damage 
during sexual excitement, the indiffeimce to pain often witnessed during partu- 
rition in women who are confident in their physician and desirous of bearing a 
child (14). 

Dissociation between pain perception and pain reaction is evident not only 
after drug administration or during the action of strong beliefs and convictions, 
but also after cerebral damage. Examples of such dissociation are offered by 
the experiences of TanWagenen (121) and Watts (122) and of Walker (123). 
Thus, Walker’s patient, a fifty-six year old woman with intractable pain associ- 
ated with an amputation stump and “phantom limb”, had bilateral frontal 
lobotomy performed fur this complaint. In the months Mowing this procedure 
she was confused but looked content and complained litUc. When questioned 
she usually said the arm “pained” but did not volimtocr the information. When 
she was questioned further about the pain she stated that the paia was present 
but tliat she gave it loss attention and it did not concern her. (Sec also de 
Gutidrrez-Malioney, 32a.) 

Tho dissociation of perception from reaction may be of varying d^rees. 
There may bo mom or bss denial of emotional reactions with represtion of 
vocalization or fii^t, yet with many visceral reactions sometimes ending in 
syncope. Indeed, some of these reactions if sustained may damage the organism. 
For example, G. Wolf (124) has demonstrated that noxious stimuli associated 
with pain may induce a decrease in kidney blood flow and urine output. Such 
ischemia is of little importance to the healthy kidney, but in a sever^ damaged 
organ, a transiont decrease in kidney circulation has resulted in irreversible 
changes and death (125). Also, Gold, Kwit and ModcU (126) have shown that 
noxious stimuli associated with pain may alter heart fimction as indicated by 
tho oloctrocardiograro. Again, such changes, although of little importance to 
the healthy heart may bo of diro tigaificanoe to one in already faulty ftmoti(ni. 

Of the various bodily changes available for tho analysis and study of such 
reactions, a sweating and vasomotor phenomenon as represented by changes 
in the electrical skin resistance has been found useful (17). The point of change 
in skin resistance resulting from palmar skin changes when the forehead of the 
subject was exposed to heat radiation, was called the cdoim reaction threshold. 

Althou^ the pain threshold was constant, the “alarm” reaction ihre^old 
varied widely from subject to subject and in tho some subject from time to time. 
It was usually below tho pain thre^old, althou^ sometimes above it. This 
reaction is initiatod by painful and nonpainful stimuli, when the latter have 
become symbols of painful or dangerous experience. The reaction or “alarm” 
threshold differs from the pain threshold not only in its variability but in the 
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fact that there is spatial summatioii. Moreover, an analgesic such as alcohol, 
which has a uniform and predictable effect on the pain threshold, affects the 
“alarm” reaction in a variable way in the same and different individuaJs, raising 
it in amounts from 50 to 800 per cent. The threshold for reaction has been 
measured by other methods, cirapman et al. (42) using radiant heat to the fon*- 
head as a painful stimulus, evaluated a winking response characterized by 
narrowing of the eyelids as on evidence of reaction to pain. They found tliat 
“neurotic” patients in general displayed a lower threshold for reaction than did 
“control” individuals (127). The older observations of Libman (44) and of 
Hollander (45) support this view. This reaction component, then, of the pain 
experience includes the “quale” or feeling state and represents the individual’s 
response to a ^ven situation based on his own past experience and inborn pecu- 
liarities. Impressions conceming the r61e of the intemuncial neurons in the 
mechanism of pain in phantom limb and causalgia, as well as their relevanco 
to other sustained states of abnormal reactivity have been described by 
livingston (128). 

In ooncluding these considerations, concepts conceming pain may be touched 
upon again. Until the end of the nineteenth century pain was considered to 
be exclusively a feeling state. Later, with the discovery of special anatomic 
equipment and mechanisms, interest was focussed on the perceptual aspects 
of pain. It then became clear that pain is a spedfio sensation, and yet, because 
of its intimate linkage with strong feelings and other reaction patterns, the latter 
may be dominant in the experience. Eeactions to pain may be modified by 
conditioning e:q)erieiices and strong belief. The common analgesics in addition 
to effectively raidng the pain threshold, also have a major function in changing 
reacti(xis, attitudes and feelings. Thus, recent evidence supports the old view 
that the “quale” or feeling state is, to the one who suffers, perhaps the most 
relevant aspect of pain. Yet it supports as well the conclusion that pain is a 
specific sensation with its own structural and functional properties. It becomes 
apparent that these two concepts do not oppose each o^or: both repri^ient 
attempts to formulate (fistinct but fundamental aspects of the pain experionco. 
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HEAT: MAN’S EXCHANGES AND PHYSIOLOGICAL RESPONSES 

WILLARD MACHLE and T. P. HATCH 
JfiS Lexington Avenue, New York 17 

The purpose of this paper is to summarize the applications of physical laws 
of heat transfer to analysis of thermal relations between man and his environ- 
ment; to review briefly the important recmit work on the physiological responses 
of man to heat, and to emphasize some of the studies carried out during the war 
years which have advanced our knowledge in this field. Systematic explorar 
tion of the applications of the laws of heat transfer as they apply to man, is not 
usual in a review which is dedicated to effects rather than causes. Prior to the 
war there was some tendency to separation of the fields of investigation. The 
necessities, however, for recommendation on matters of military usefulnoss re- 
quired pursuit of both approaches for decision. Recognizing that present 
knowledge does not permit fuUy descriptive mathematical expression for i^rmal 
relationships and effects, we ]^ve nonetheless used what is at hand and at- 
tempted to integrate this into the somewhat disrupted pattern which our present 
knowledge makes. 

A complete bibliography will not be presented for reason that much foreign 
literature is not available and various reports by military agencies remain classi- 
fied and not accessible. Adequate general reference lists may be found in earlier 
publications (1, 2, 3, 4) and in the Annual Reviews of Physidogy (1941 to 1946). 

Military exigencies lai^ly determined the direction taken by the studicB of the 
war years and have emphasized their importance (5, 6, 7, 8, 9). Though man 
lives and works in aU naturally occurring climates, the equipment in military 
operations (tanks (10), ships (11, 12), airplanes (13)) and the requirements for 
special clothing, may create local ambient or personal conditions which are in- 
tolerable. This, and the need at all times for max iTn unri efficiency in military 
personnel, have resulted in the greater bulk of the work of the past five years 
being directed to the following: 

A. Extension to extreme ranges of the more precise work of the Pierce Lab- 
oratory, Russel Sage Institute, etc. 

B. Further attempts to define the upper level of tolerance to heat, 

C. Enlargement of studieB on acclimatization, its nature, course and duration. 

D. Efforts to devise means for evaluation of total thennal stress from known 
ambient conditionB, and correlation of the physiologic responBeB of rnan with 
total thermal stress. 

Because of the large number of variables involved and the requirement for 
immediate answers to problems of military importance, practically all work has 
been limited to studies on young, healthy men. little work has been reported 
on women, children and the aging (14, 15, 16), with only an occasional reference 
to the unfit or diseased (17). That differences may be great with respect to both 
tolerance and aoclin^tization as the result of individual factors, age, or disease, 
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is a common observation of all who have worked in the field. The important 
rdle of age and fitness has been commented on (18, 19, 20, 21, 22, 23, 24, 25). 
The characteristics of military population, their selection, and fitness, and the 
requirement for limitation of variables in physiological investigation resulted, 
therefore, in a great deal of work which is of considerable interest physiologically 
and directly applicable to young, healthy, male populations engaged in specified 
types of activity. Extension of results to industrial and demographic problems 
is limited. 

Mathematical considerations. The physical laws of heat transfer are use- 
fully employed in the analysis of thermal relations between man and his environ- 
ment. Most of the recent work in this connection stems from the systematic 
investigations of the Pierce Laboratory. 

It is evident, however, that the complex phydological variability of the human 
body precludes the possibility of formulating rigid equations which fully describe 
thermal relations under all conditions. Thus, any equation developed by mathe- 
matical analysis must bo regarded os an over-simplified statement which may fail 
to predict behavior in individual oases, not because the physical laws are inap- 
plicable but for the reason that all variables are not properly included. Lififi- 
culties in this regard are overcome to some extent in experimental work by a 
statistical approach, working with large numbeis of observations on many sub- 
jects. In this way, trend lines are establi^d in spite of the scatter of individual 
observations, from which useful physical constants are derived. 

With proper recognition of its limitationB as well as capacitieB, an understand- 
ing of the mathematical approach is essential to a thorough anEdysis of the prob- 
lem. 

1. Heat Balance Equation, Mathematical analysis, as developed at the Pierce 
Laboratory, starts with the basic equation of heat balanoe : 

M + D-V^^B + C + E 

where M metabolic rate 

D s rate of change of body heat content 

J2, C and E » rates of heat exchange with the environment by radiation, 
convection and evaporation, respectively^ 

V « rate of heat exchange by respiration 

The terms to the right of the equality agn may bo re-written, in accordance 
with the established laws of heat transmission, in terms of the coe^Skienie of 
heat exchange and temporature and vapor pressure gradients: 

+ KrA{t, - O -f KoA{U - «-) + - VFa) (2) 

^Note that D, R and C may have positive or negative values. D (heat debt) is positive 
when the body is cooling; J2 and 0 are positive when the environmental temperatures are 
less than nTctn temperature. Note, also, that these are all rafss of exchange — ^heat units 
per interval of time. 
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where = Jkf — V’ 

A = body surface area 
t, = average skm temperature 
— mean radiant temperature of surroundings 
^ ea air temperature 

VP, — vapor pressure of water at temperature t, 

VPa = vapor pressure of moisture in the air (=* per cent R.H. X 
VP at O 

Krj Ke and K, = coefficients of heat exchange by radiation, convection and 
evaporation. 

The temperature and vapor pressure gradients can be determined by direct 
measurement. The coefficients, however, are not predictable from physical 
relationdiips and must be determined experimentally. 

2. Coeffidenta of Heat Exchange. A. Radiation. The Stefan-Boltsman 
equation for heat exchange by radiation applies to man as well as to physical 
bodies. It has the form 

R = KAr(,T\ - Tt) 

or R = KAM - 6T2(<. - - /,)» - (t, - “ O 

where K =< universal radiation constant ~ 4.92 X 10”® Cal./M®/hr. 

At » effective radiation area 

T, and T„ « mean radiation temperatures (absolute) of the body surface 
and Burroundinp, respectively. 

This equation may be simpliffed to: 

R = KrA(t, - U) 

where Kr = K{Ar/A)['I^, — 62l(<, — O + 4T,(f, — O* ■" {U — 0*1 
Ar/A B ratio of effective radiation area to total body surface. 

Over a moderate range of wall temperatures, Kr remiuns substantially constant, 
the theoretical value {Ar » A) being as follows for the assumed values of U, 
and ft : 


tm 

«• 

JTr 

20 

82 

5.2 

80 

83 

6.7 

40 

85 

5.9 

50 

88 

6.8 


The ratio Aru has been determined experimentally at Pierce Laboratory (26, 
27) and at the Armored Medical Eesearoh Laboratory (28), with the foUowing 
reported values: 


Shdng, nude and lightly clothed 0.71-0.75 

Standi^ nude 0.03 


Thus, in a hot environment, a standing man (A <» 1.8dP) gains by radiatioa: 
6.3 X 0.9 X 1.8 B 10 Oal./hr. per degree C temperature difEeienoe between but- 

1 Surrounding Burfaces are token to be great compared with man’s body area. 
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roundings and body surface. Qeat transfer by radiation is, of course, independ- 
ent of air movement and, for practical purposes, is not influenced by the mois- 
ture content of the air. Against the long wave radiation encountered indoors, 
ordinary clothing behaves essentially like black regardless of color and, aside 
from the slight increase in effective radiation area, the effect of clothing upon 
radiation exchange is negligible. Of the three coefficients of exchange for man, 
Kr is most firmly established. 

B. Convection. Heat exchange by convection varies with air movement. 
Even under still air conditions (no positive air movement, deliberately main- 
tained), natmal convection is established around the body and the greater the 
temperature difference (tg — tt), the stronger is the air movement, in proportion 
to the fourth root of the difference. The effect of positive air movement is to 
superimpose an added velocity effect which, even with low velocities, exceeds 
the influence of natural convection, so that in on equation expressing the relation 
between Kg and a, the natiual convection component can be ignored. Thus, 
the simple expression: 

K. = KWi 

has been found adequate to describe the relationship over a wide range of veloci- 
ties (16 fpm to 600 fpm). It will be noted that when t; s= 0 in this equation, 
ifiCa =s 0; tile velocity, however, is the absolute value and includes natural convec- 
tion so that, in practice there is no such thing os zero velocity, and heat 
exchange by convection is never absent (except when U — ta 0), Experi- 
mental determinations of Kg have shown that it is highly variable; it varies with 
body build, the position of the body and for the same measured velocity it will 
take different values depending upon the direction and complexity of air move- 
ment. Under still air conditions values differ because of movement of the sub- 
ject and variability of natural convection currents. Working with complex 
vertical air movement around the sitting subject, the following relationship was 
established at the Pierce Laboratory (27) : 

Kg « 1.04\/» (cm ./sec.) 

The velocity, in this case, was measured in the empty booth since inconsistent 
values were obtained when readings were taken in the occupied chamber. At 
Fort Kiiox, in a wind tunnel with linear horizontal flow, and with subjects stand- 
ing nude, Ihe relationsbip was found to be (28) : 

Kg » 0.74\/f; (omu/sec.) 

Lack of agreement between the two is accounted for by differences in test ar- 
rangements. 

The rate of heat loss by convection per unit of body area from light dothing 
was found not to differ greatly from ti^t of the nude man, de^ite the greater 
area of the clothing. This does not hold true, of course, in the case of bulky 
winter clothing. 

In round numbers, a oonveotion ooeffident of 2.0 for still air was found by the 
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Pierce Laboratory. This is about one-haJf the v^ue of the radiation coefficient. 
Thus, under comfortable conditions mth 25 per cent evaporative heat loss, 
losses by radiation and convection would be 60 per cent and 26 per cent, respec- 
tively. At higher air velocities, however, the proportions are different. At an 
air velocity of 100 fpm, Kc is approximately 6, and the partition of losses would 
be: = 26 per cent; 22 = 32 per cent; C = 4Z per cent. 

Compared with K,j the value of Ke is less well established, although the mathe- 
matical form of its relation to air velocity can be accepted. 

C. Evaporation. Physically, the rate of evaporation from a wet surface varies 
with the area and ^pe of the surface, with the vapor pressure gradient and with 
air velocity. Various empirical and semitheoretical equations have been de- 
veloped which are helpful in considering human evaporation, but only to a 
limited extent. These physical equations are for surfaces which are completely 
and continuously wet — a situation which apparently never occurs in the case of 
man. As a consequence, the term Kt contains a variable factor of wetted area as 
well as the others properly included in the coefficient. The degree of wetness 
varies from a minimum imder conditions of normal comfort when no active sweat- 
ing takes place, up to a ma.ximuTn value in extreme heat when the sweat rate 
exceeds the evaporative capacity. 

1. Maximvm evaporative capacity. The mathematical significance of the 
evaporative Tnechnnism was developed by Gagge (29), who determined experi- 
mentally an apparent maximum value of approximately K, = 3.0 at a single 
air velocity (8.6 cm/sec., vertical) for ratting subjects (nude) in a moderately 
severe environment. More extensive data obtained at A.MJt.L., Fort Knox 
(28) on standing nude men in a linear horizontal air stream gave the following 
relation between K* and v far conditions of maximum evaporation: 

= 1.84: {v in cm./seo.) 

At 8.6 cm./sec., the Pierce Laboratory velocity, this gives » 4.06, or some 30 
per cent greater than the value reported by Gagge. Differences in test arrange- 
ments as well as more severe environments undoubtedly account for the hi^cr 
Fort Knox figure. 

The exponential form of the equatiem is in agreement with the relationships 
developed for physical bodies such os spheres and cylinders. It is of interost that 
the coefficient for man is conraderably below the values for simple physical bodies, 
suggesting that even under conditions of maximum sweating, only a fraction of 
the body area is utilized in evaporation. 

Less than maximum mjoporatum. In environnumts not sufficiently severe 
to induce maximum evaporation, the sweat rate is adjusted physiologically to an 
amount which satisfies the heat balance equation. Evaporative heat loss is 
then ^ven by the equation: 

B - EU(VP. - VP^ 

vbem Ki =■ 

A 

Ae 

w effective evaporalive surface, relative to ma-riTinuni. 
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The process of adjustment is complex and does not lend itself to direct mathe> 
matical description. An increase in skin temperature accompanies the inoieased 
sweating rate and thus reduces the heat gain by radiation and convection, which, 
in turn, lessens the requirement for evaporation. This mutual adjustment con- 
tinues until a kind of physiological balance is obtained. Under equilibrium con- 
ditions, we may write: 

A, _ -R - C - KrA^U - O - KoA{U - O 
A Emsx. K»A(VP, - \rPa) 

Empirically, VP, = 2.5 t, — 46,* from which: 

A, _ M' - KrAiU - O - K,A(t, -* ta) 

A K. A(2.6 1, - VPa - 45) ^ ^ 


It is evident from tliis equation that ^ is ^ function of skin temperature as well 


as of the environmental conditions. As a consequence, the value of ^ cannot 

bo calculated from this relationship for a given environment without an inde- 
pendent means of predicting U, It is true that t, does not vary greatly, but even 
a difforenoe of X°C in an assumed value of t, would cause a considerable change in 
the ratio. For example, assume an environment of ta — tv — 40®0; VPa « 
13 nun; i; « 10 cm./sec., (Kr = 6.7; K, » 2.3; K, = 4.3). For t, = 34®C, 
AJA = 0.86. A 1® increase to t, ~ 36®, however, decreases A,/ A to 0.71, accord- 
ing to this equation. No mathematical means has yet been devised for solving 
tlus dilemma. 

3. Upper limits of evaporoHue capacUy. In view of the maximum value of K„ 
it has been suggested that there are limiting combinations of temperature and 
humidity (for any given air velocity) for evaporative control beyond which ex- 
cessive body healing occurs. Using an evaporative coefficient of 3.0 and an 
assumed constant skin temperature of 35.6°C, such limiting values of dry and 
wet bulb temperature were calculated (30). It has been found, however, that 
the akin temperature is not constant under all combinations of thermal stress 
wliich elicit maTninu m evaporation. Bence, the lines thus calculated wid not 
state the case correctly. At = 40®C and a — 16 cm./sec. {K, 8.0; 

K, « 6.4), for example, wo find for t, - 36.0®C that the limiting 7Po - 11 mm.; 
taking f, ~ 37®C, on the other hand, increases the limiting value of FPo to 
16.9 mm. Thus, by only dightly higher skin temperature, the ac- 

ceptable moisture content of the air has increased 60 per cent. It is evident that 
until an independent means of predicting t, is developed, such calculations are of 
limited value. 

3. Egmlibrium State. Provision is made in the bade heat balance equation 
for any changes which occur in body heat content, so that the equation is appli- 
cable at all times, whether the subject is in a steady or changing thermal state. 


* The simple linear equation holds with little error over limited ranges of temperature, 
such as the range in variability of skin temperature considered here. 
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■When TTiftTi passes from a normal to a hotter environment, he heats up. Be- 
cause of his considerahle beat capachy and highly ftexible sweating mechanism, 
the resulting increase in body temperature is commonly not great and may escape 
attention. Nevertheless, t^re is an increase in body temperature which con- 
tinues until a new equilibrium is established (provided the subject remams in the 
environment and his normal physiological processes of thermal adjustment arc 
not altered). Obviously, it is important to know how long a period is required to 
approximate the new equilibrium state. 

The change in body heat content can be written : 

D = SWifiiMr + hM,) 

where S » ^cific heat of body 
W =* body wei^t 

Atr and A2« t=s rates of change of internal and skin temperature. 

a and h «= wei^ting factors which proportion body heat in relation to 
internal and skin temperatures. 

In terms of the calculus, the heat balance equation can be written: 

- ^ (Odt + 5*«) = Filf' + K,t. + K.t. + + VP^ - 

(K, + X'. + 2^ iir.)tj d$ 

where dt^ dt, » differential changes of body and skin temperature. 
dB = differential time interval. 

Body and skin temperatures are mutually dependent, and, over a limited range 
we may write: <r = w + n i,, from which dtr = n dt,. 

In a ^ven situation, the terms: [M^ + Krtv + Keta -1- iC, (45 + VPa)] and 
(Kr + jElo + 2.5K,) are constant. Calling these C and C^, respectively, we may 
write: 



dt, 

C-C'dt, 



which gives 


U- t. 


8 


where t, » initial akin temperature 

t, » new equilibrium skin temperature 
t, B akin temperature at time, 9. 

This equation has the form of the common law of equilibrimn and with it, the 
time required to reach any given percentage of equilibrium can be calculated, 
provided the values of the several factors are known. It will be noted that the 
relationship is independent of the environmental temperature, that is, the time 
required to make 50 per cent (e.g.) of the adjustment to the iiew environment is 
the same regardlesB of the magnitude shift from one environment to tho other. 
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The rate of body heat production also has no direct influence^. On the other 
hand, the agnihoant factors are: 1, pertaoning to the environiDent: the coeffi- 
cients of heat transfer, Ka and jSr«, and 2, pertaining to ncian: heat capacity 


SW 


per unit area, -j- and circulatory indices, a, h and n. The relationship is com- 


parable to the process of adjustment to an atmospheric contaminant, such as 
benzol. Continued exposure to the benzol Vapor results in a building up of con- 
centration of the contaminant in the body, the rate of increase becoming less 
as equilibrium is approached. The ultimate body concentration is directly pro- 
portional to the atmospheric concentration but the time required to malcR the 
adjustment is the same with 1000 ppm in the air as with 10 ppm. The rate is 
dependent upon the volume rate of breathing and blood solubility (comparable 
to Krj Ka and K^^ upon blood circulation rate (compared with a, b and n) and 
body weight (heat capacity). 

Data are limited with respect to the values of a, h and n. For a limited range 
of orqmsures for resting subjects, a and b have the reported values: } and | re- 
spectively (31, 32). From AJM.R.L. data, n for standing subjects e3q)06ed to 
heat may be taken as i. Using these values and assuming an average man: 
TT = 70 Kg, A — 1.8 JkP, S = 0.82, we find, for an air velocity of 30 fpm (Kr — 
5.7, Ka *= 2.9, Ka ** 6.0, and O *= 21.1), the value of the exponent to be — 1.18 B. 
Thus, the time required for 50 per cent adjustment is 0.59 hour » 36 minutes 
and 2 hours— 33 minutes* exposure is necessary to attain 95 per cent of the tem- 
perature rise to the new eqmlibiium. At a hi^r velocity, say 600 fpm (Kr = 
6.7; Ka = 13.0 and K, « 15.4; D => 68.0), the corresponding times are: 13 min- 
utes and 55 minutes. 

Equilibrium adjustment, as delineated by the above equatm is, of course, 
over^plified, and ignores certain physiological aspects of the problem to a con- 
siderable degree, as will be seen from later disoussion. Consldernig its physical 
basis, however, it is evidently a dose approximation of the true situation, and 
despite the limited knowled^ of the magnitude of certain factors in the equa- 
tion, eq)eoially a, b and n, and the variability of others, the predicted values in the 
foregoing oxamplo ore in approximate agreement with experience. Thus, in one 
of the Fort Knox experiments (33), the temperature rise curves are found to be 
exponential, in accordance with the equation and to approach equilibrium at the 
same rate for all environmental conditionB, varying from moderate to extreme. 
These curves yield an average exponent of 1.08 6, which compares well with the 
values calculated above. 

The time rate of approach to equilibrium is an important factor in designing 
e:q)eriinents for the quantitative study of thermal physiology and in the interpre- 
tation of results. Experiments of short duration are limited to the steep part of 
the equilibrium curve where the change in body heat content, D, which can be 
determined only indirectly, has the greatest value. Observations are the least 
stable, not only for the body as a whole, but more particularly, from one part to 


* The ultimate equilibrium level t„ toward which the eubject ie tendiug is a funotion of 
the metabolic rate. 
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another. To illustrate : the ^oific heat per unit area is much Eonaller for a leg 
or arm than for the torso. Thus, other things being equal, the rate of adjust- 
ment in the torso is slower. Reading are subject to relatively greater error 
than under steady-state conditions and may even lead to erroneous conclusions 
respecting the relative induenoe of difTerent factors. For example, considor two 
physically equivalent environments with re^ct to the combined effects of 
ra^tion, convection and evaporation, such that they produce equal skin tem- 
peratures at equilibrium, one with relatively still air (Kr =» 6.7, Ko = 2.6, K« = 
4.4) and the other vtith high velocity {Kr = 5.7, Kc — 13.0, Ka = 16.6). The 
respective v^ues of the exponent in the equilibrium equation would be (for the 
average man): —1.08 & and —3.8 d. Hence, at the end of one hour of exposure, 
under the still air conditions the skin temperature will have increased only 66 
per cent of the ultimate rise whereas with the bi^ wind velocity in tho second 
Edtuation, 96 per cent of the adjustment will have occurred. For a 6° maximum 
increase, there would be a 2° difference in at the end of one hour exposure, 
from which it mi^t be erroneous concluded that the two environments were 
not equivalent. 

The concept of equilibrium is important in the consideration of upper limits of 
tolerance to heat. The statement is frequently made that a given environment, 
is intolerable because it imposes a thermal demand beyond man’s capacity of 
adjustment and, hence, his ability to maintain, a constant body temperature 
By implication, and often directly, it is concluded that the body temperature 
will continue to rise so long as the subject remains in the environment. Such a 
conclusion is erroneous (assuming that maximum sweating rate, circulatory 
capacity and other physiological limitatione are not exceeded). The process of 
heating up is a temporary one and continues only until a higher skin temperature 
is reached where K balances M + B -h C. The equilibrium phenommion has 
been dememstrated even in environments well beyond the practical physiologioal 
limit of tolerance, involving marked increases in both internal and skin tem- 
peratures (33). 

4. Egtdvalmt ErmrormerUs. An aspect of tliermal physiology of very con- 
tiderable practical as well as fundamental interost has to do with tho question of 
equivalence of environments. Since the three environmental avenues of heat 
exchange, radiation, convection and evaporation, are capable of independent 
variation, it is evident that different combinations can have the same summation 
effect and thus be equivalent. At the outset, however, in an anal 3 rBis of equiva- 
lence, it is necessary to define the criterion of equality. This has been done in 
various ways, as: subjective, in terms of relative comfort determined by test 
subjects (e.g., the “Effective Temperature” of the A.S.H.V.E.); physiological, 
by an empirical combination of physiological indices (23) ; physical, derived in 
various ways from the mathematical equations of heat exchange (30, 34). 
Each has its own particular advantages and limitations and agrcenient between 
them in rei^ct to equivalence of environments is not necessarily expected, owing 
to batic differences in the initial criteria of equality> Difficulty arises from tho 
fact that two different sets of factors must be combined ; not only must the proper 
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combinaticni of the physical environinental factors be discovered, but also, it is 
necessary to combine properly a group of complex physiological factors which, 
together, determine the total strain and which, at the present time cannot be 
described in absolute terms. 

The present discussion will be limited to indices having Tnathe Tyifttip^l origin. 

A. Operative temperature. Heat exchange by radiation and convection, given 
by the equation :R + C = KtA(t, — + KtA(T, — ta), may be re-written (34) : 


R + C 
A 


Kr + K, 



R^r ^ "f" ^0 ^0 TT /s 

JRr+Kc J ■“ * 




where 


S:c=>Kr + Ko 

^ _ KrU + Keta 
^ Kr + K, 


The combined temperature, Ut called the Operative Temperature, properly 
weights the effects of the two elements, R and C, according to their reactive 
coefficients and gradients. Thus, all environments having the same U are said 
to be equivalent in that they impose tlm some caloric demand by radiation and 
convection. It is to be noted, however, that this is true only if Ko remains the 
same. For other Kc values, given by different air velocities, the effect upon skin 
temperature will be different, necessitating further compensation in environmen- 
tal temperatures to keep t, and + C the some. 

B. Equivalence in terms of shin temperate. Hetuming to equation (3), and 
solving for 


A, 


W/A + -t- K,U + + 46) 


( 4 ) 


By definition, one could say that all environments giving equal values by this 
equation are equivalent. It will be noted, however, that the value of A,i^ 
is not definitely known, so that the equation has little practical value until 
another relationship between A^ia or U and environmental stress is developed. 
In general, it appears that skin temperature mcreases with air and wall tempera- 
tures but for any given combination of temperature and atmospheric moisture 
content, t, decreases with mcreasing ah velocity. Thus, it is evident that there 


is no direct correlation with evaporative demand and sweat output. 



decreases with increasing air velocity in any given environment below those 
which elicit maximum evaporation, in accordance with the equation 


A. 
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where c aad d apparently vary with environmental temperature and moisture 
oontent (or the gradients of temperature and vapor pressure). Theso indica- 
tions emerge from Nelson’s data (28), which, however, are not extensive enough 
to permit the determination of the actual values of c and d in relation to the 
thermal stress. 

5. PhyncallntlrumenUforMeaiwrii^ Many attempts have been 

made to develop a smgle mstnunent which responds thermally to the environ- 
ment in a manner corresponding to the human body, thus providing a sin^ 
equivident thermal index of the environment in place of the four separate factors: 
radiant temperature, air temperature, mdsture content and air movement. All 
such attempts have failed for several basic reasons: first, the coefficients of heat 
exchange of the instrument have not been like those of man, but more impor- 
tantly, no provisions have been made for equivalent skin temperature variation, 
which involves in the human body changes in internal conductance and in sweat- 
ing rate and distribution. With the body coefficients of heat eimhaage known, 
it would not be difficult to design an instrument having the same coefficients, 
but it is not likely that the complex variability in internal conductance of the 
body and evaporation rate can be duplicated. Thus, it appears doubtful if the 
objectives of such an instrument can be met. A physical instrument with tho 
proper coefficients and maintained at a selected aoerage surface temperature 
would, however, provide a useful index of the cooling power of the environment 
although it does not appear that it would provide any basic information beyond 
that given by separate measurements of 4, v and 7P«. 

PhtsioloqicaIi hffbcts of heat. The heat balance equation given above 
describes a state. Physiological disturbances in the organism result from in- 
crease in body heat content with concomitant temperature rise, and from opera- 
tion of ihe homeostatic mechanisms of temperature regulation. Most studies 
have dealt with measurement of the bade change, i.e., increased internal (rectal) 
temperature and with the associated effects upon tho circulation and volume of 
sweating, sonoe these are cenavenient and eadly measurable indices of tho degree 
of strain upon the organism. Further evaluation of the phydolo^cal effoots 
may be ma^ by means of the appearance and behavior of men, the subjootivo 
state, functional efficienoy, and the occurrence of heat exhaustion (18, 19, 21, 
25, 33, 35, 36, 37, 38, 39, 40). In the interpretation of any observations it is 
important to keep in mind that the bade physiologic change is an increase of tho 
body heat contmxt a^ociated with the new equilibrium level, and that tlio 
capacity of the individual to perform efficiently is the only definitive criterion, of 
overaU effect, most other phenomena being evidences of load upon the homeo- 
static mechanisms. The lack of ability to predict performance on the basis of 
evidence of circulatory system strain or increase in body heat content alone, has 
been emphasized (21, 26, 41, 42, 43). 

1. Body Temperature and Qradienta. Since the time of Claude Bernard (44), 
the temperature of the internal niass of the body has been the subject of specular 
tiion and study, and it is recognized that there ore local variatians in general 
order and direction of the filuotuations in temperature which change with ac- 
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tivity, alteratioDiS in local circulation, ambient temperatures, time, le'vel of ther- 
mal equilibrium, etc. (1, 3, 45, 46). The rectal temperature properly measured 
has been accepted by practically aU workers as the arbitrary index of internal 
body temperature. Speahnan (47), however, believes that temperatures taken 
•qnthin the stomach are posdbly a more reliable index of deep body temi)eratuie 
than measurements made within the rectum, because the dose proximity of sur- 
rounding cold water to the junction of the rectal thermocouple may cause falsely 
low readings. Our own observatians do not support this. 

It is to be expected that lags will occur in any changing state. The tempera- 
ture of the internal organs responds somewhat more promptly to heating and 
cooling than does the rectal temperature, the temperature of the viscera refect- 
ing the changes in heat production of these organs, and significant thermogenetis 
occurs in the intestine of dogs (48, 49). In thermoeleotrio measurements of blood 
in the aorta, portal and hepatic veins, the lowest temperature was found in the 
aorta and the highest in the hepatic vein. That the viscera are lately respon- 
sible for heat production and that resting muscle contributes little is pointed out 
by Milhorat et al. (50), who compared results from 50 normal individuals and 100 
patients with muscular diseases. In pre-pubertal patients muscular wasting up 
to 60 per cent had no effect upon heat production and muscle wasting in adults 
was disproportionally great when compared to sl^t reductions in heat produc- 
tion that were observed. Barcroft and Edholm (51) found temperatures of from 
18 to 44 degrees G in the brachioradialis muscle after immertion of the aim in 
water from 12 to 45*^. They point out the various factors which determine 
local temperatures. AU of the recent work and earlier analysis (1} lead one to the 
inference that the concept of a gradient may imply a constancy of conditions 
which can exist only in b^bly controlled and ocmstemt Bltuations. The thermo- 
geography of the body had perhaps best be looked upon as a series of constantly 
shifting regional equilibria or exchanges, with differing levels subject to the 
variableB operating at the moment. Ckmmderahly more data will he needed 
before the pattern and order of magnitude of the subsurface thermal shifts can 
be syuthesiaed. 

The frequent employment of skm temperature data in studies of thermal ex- 
change has provided a large volume of new observations, much of which has been 
integrated into other studies (23, 28, 33, 41, 52, 53, 54). The most satisfactory 
tool for measurement remains the ra^ometer as described by Hardy and DuBois 
(56). As pointed out above, the use of sldn temperature alone has limited value 
in interpretation of evaporative loss. 

2. Peripheral Blood FUno; Voeomoior BegvlaUon. Earlier definitive studies 
(56, 57, 58) have est^lidred the r6le of dilatation of blood vessels in increasing 
heat elimination and describe the general distribution of vasomotor changes. 
Additicmal comprehensive studies by Sbeard (59) and other workers (60, 61, 62, 
63) have further clarified the regional aspects of the vasodilatation at tempera- 
tures ranging from 18® 0 to 34®C. They found (as have others) that the regula- 
tion of heat disslpatian at oomfortahle environmental temperatures (23 to 30®G) 
is aooomplii^d cbiefiy by changes in the tonus of cutaneous vessels in the ex- 



212 


WiLABD MAGHLB AND T. F. HATCH 


tremities. At 18®C the superficial vessels of the head and trunk are already near 
Tnfl.TiTirtH.1 dilatation while liiose of the arms and legs still show considerable con- 
striction — ^the legs more than the arms. Between 18 and 26®C, increase in heat 
dissipation is brought about by dilatation of the vessels of the arms and hands, 
and at hig h temperatures (26 to 30°C) additional loss is accomplished by dilata- 
tion of the vessels of the pirin of the feet and lower logs. Maximum vasodilata- 
tion was maintained at ambient temperatures above 31 to 32°C, evaporative heat 
loss then meeting additional need for dissipation. In contrast to cooling rates 
of skin, which were exponential, two rates for warming were obtained, consequent 
upon the effects of both increasing input (vasodilatation), and environmental 
gain. Evidence is offered that the arterioles of the skin are capable of dilating as 
a result of direct effects of heat upon the vessel (63). When conditions are 
extreme, the central mechanism functions as an integrating agency (as it does in 
the general response to local heating). This central reactioh is mediated by 
capillary dilator fibres of the sympathetic i^jmtem. 

Other studies (64) have pointed out the ease of producing indirect vasodilata- 
tion by heat. 

The time required for circulation in the forearm to reach equilibrium at various 
temperatures is indicated by the studies of Barcroft and Edholm (51) who found 
at 45‘’C, that the flow increased to a mairimTim in from 30 to 45 minutes and re- 
mained constant thereafter. These findings are very pertinent in the light of the 
many observations on the time required to reach a steady state of thermal equi- 
librium. It would be very interesting to know whether this time for maximum 
dilatation is shortened by repeated exposure or general aedimatixation. The 
magnitude of the increase in peripheral flow has been investigated (65). Using 
a combination plethysmograph and calorimeter embracing the hand, flow rates 
of the order of 30 ml./lOO ml. tissue in the hand were found at 88'’C as compared 
with volume flows of as little as 0.15 ml./lOO ml. tissue with exposure to cold. 
The maximum rates of flow were lower than some reported (66, 67, 68). 

The results of many workers have established that local temperature changes 
will incite like genertd and contralateral msponses and heat acts as a coronary 
vasodilator, the effects being reflex in origin (69). That cutaneous vasodilata- 
tion is associated with corresponding changes in muscle is demonstrated (51). 

3. Circulation, Beginning with exposure and gain in heat stors^ evidence of 
strain upon the homeostatic mechanisms becomes evident and them is superficial 
vasodilatation with increased cutaneous circulation. To compensate for the 
higher rates of peripheral flow, cardiac rate and output incicase, blood pressure 
rises, and sweating be^s (70). With extieme ambient conditions and when the 
heat disripating mechanism is unable to maintain the body temperature within 
the limit that is critical for the individual, physiological breakdown occurs. 
The manifestations are diverse, the outstanding exhibit being inadequacy of 
circiilation with a forward type of failure. Taylor, Honschel and Keys (71) 
reported results of 7,000 observations on pulse, blood pressure, rect^ tempera- 
ture and rate of sweating of 43 subjects — before and during esqxjsuie to dry heat 
for from 2-8 days. Modified Crompton scores were calculated and the devia- 
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tions from control values noted. Bean and Eichna (21, 25, 72) have described 
the cardio-vascular instability in detail and elsewhere Eichna et al. (33) present in 
tabular and graphic form observations on rectal temperature, heart rate, sweat- 
ing and skin temperature for a group of 13 e3q)erimental subjects exposed to en- 
vironments ranging from 92.4 to 96. Tv,{Td 92 to 120°E.). The point is made 
that chants in the circulation do not alwa 3 ^ parallel or indioate the capacity for 
overall performance. They noted in their study of more difficult environments 
(Tu 94 and Ta 94 to 91 and Td 119.3) that some of their subjects e:^rienced 
an adjustment like “second wind”. During the first hour men worked with 
difficulty and had heart rates that tended to be hi|^r than esqected (an increase 
of about 25 beata/degree C rise in rectal temperature), while toward the end of 
the second hour men improved and were in better conditiQn. Deoiefise in heart 
rate, deq}ite a rising rectal temperature, occurred in some men in the second hour. 
Disturbances were most pronounced during the changing state — subjects achiev- 
ing thermal equilibria for the test environments in about two hours. 

A. InatabiUty of (drcidation. Associated with the very considerable stufts in 
circulation a degree of instability becomes evident. When the stress is great, or 
after some hours of exposure, especially with work, instability may become pro- 
nounced and its effects disabling (21, 23, 25, 71, 72). The instability becomes 
especially apparent in the upright position, a result of inability to achieve pos- 
tural adjustment. The circulatory effects of the vertical stance have received 
much study and have been reviewed (73), and recent work under ordinary ther- 
mal conditions has been reported (74, 75). Allen, Taylor and Hall (76) foimd 
that 20 per cent of 111 young men developed orthostatic insufficienoy on the 
tiltboard at normal temperatures. These rates are like those of Ifichna’s (72) 
group of 150 men, 23 per cent of whom had orthostatic hypotensian with syn- 
cope on initial exposure to heat. An additional “abnormal” group (21 per cent) 
included subjects who could remain erect for 8 minutes but whose blood pressure 
was below 100 mm. Hg and at least 10 mm. below levels under comparable con- 
ditions m the cool. After 5 days of work in the heat, only 1.0 per cent of men 
fainted when tilted and 13 per cent fdl into the normal group. Thus, 5 days of 
repeated exposure and training reduced the percentage of men with smne degree 
of circulatory syntem inadequacy from 44 per cent to 14 per cent. Allen (76) 
likewise found that training developed the ability to withstand gravitationtd 
stress. Interestingly enou^ he found that this capacity was not related to the 
ability to meet the stress of vigorous exercise. It would be helpful to have more 
information upon the relationships between the ability to withstand orthostatic 
stress in the cool (with and without work) and the capacity to maintain adequate 
circulation in the heat. 

The reasons for the poor return are not clear at this time. It is known that 
there is increase in the capillary bed with venous enlargement and relaxation and 
arteriolar dilatation is perhaps a critical factor (77) . That venous pooling with 
reduction in venous return does occur seems mescapable, and additional data on 
the magnitude of reduction in venous pressure produced by trapping of the blood 
in the extremities have been reported (78). The ability to prevent syncope in the 
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erect positioa by initiatioii of limited muscular activity in the legs, the applica- 
tioQ of cuffs, and the common observation that elevation of the legs will prevent 
the fall in blood pressure, are all in support of the thesis that circulatory inade< 
quacy is associated with pooling of blood in the extremities and doficienoy in 
venous return. At high temperatures the disturbances, however, comprise 
much more a simple di^arity between the capacity of the vascular bod and 
the available volume of blood. We have, unfortunately, no oleotromyographio 
studies in heat. Warmth relaxes voluntaiy muscle and one suspects that lessen- 
ing in muscle tone with reduction in pumping action (79) may contribute sig- 
nificantly to failure of adequate venous return. 

Added loads other than posture have been investigated in relation to thermal 
stress and numerous reports have pointed out the deteriorating effects of heat in 
the presence of shock-hke states (80, 81, 82). Whether induced by hemorrhage 
or bums, high environmental temperature has a decisive influence in increasmg 
mortality. Ixl this connection, the disturbances in thermal regulation that 
occur in congestive heart failure are of great interest. Heat production may be 
increased in heart failure, but observations in cool dimate (83, 84, 85) suggest 
-Uiat the high body temperature resulte from disturbances in circulation to the 
akin with resulting impairment of heat loss. 

B. Adequacy of (dr&jdaium. The adequacy of circulation is contingent upon a 
number of factors, important among which are the relationdiip between the 
blood volume and the capacity of the vascular S3^stem, and normal functional 
ability to increase cardiac output by increase in rate and stroke volume. Evm 
with adequate venous return, relationshipB between pulse rate and cardiac output 
are complicated and with e3q)Osure to high temperatures with great demand for 
peripheral flow and additional inadequacy in venous return, it becomes impossible 
to evaluate the significance of individual physiologioal changes as isolated 
phenomena. The initial and often considerable elevation in pulse rates can ^ve 
quite an erroneous notion as to cardiac output and adequacy. Pulse rates per 
degree increase in rectal temperature vary rather widely (from 20-30/min.) 
but are oonsidcrablo. Pulse rate and blood pressure ore indices of the strain on 
the circulation rather than of the ability to control rise in body temperature. 
The general relationship is obvious, but not sufficiently close to be of value in 
individual instances. As Krogh (86) has observed, with an inadequately filled 
heart an increase in pulse rate from 76 to 120 would result in a decrease in cardiac 
output from 3.1 to 2.9 liters. These factors and the marked influence of muscu- 
lar activity upon venous return, account for the diflormg statements as to the 
effects of heat on cardiac output. Wilkins, Hunt and Friedland (87) reported 
only minor changes in cardiac output with warming and cooling, which was at- 
tributed to 11]e buffering capacities of the circulatory system. Earlier observa- 
tions have established that with initial exposure, at least, there is some increase 
in cardiac output. Asmussen (88), working with aoolimatiaed subjects, found 
no significant differences in output in the first half hour of work, after which there 
was decrease in output, more marked in the hot climate than in ‘ihe cool. As 
work was conlinued and breakdown began, a reduction in stroke volume of 20 
per cent associated with very high pulse rates was noted. 
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GlickmaH et al. (89) reported results on studies of blood volume as affected by 
heat. Increase in plasma was noted in 6 experiments, decreases in 4 and no 
change in 14. Increases that were noted ranged from 5 to 13 per cent. In 
instances where there was no change in plasma volume the red blood cell volume 
increased. Heports on blood volume changes continue to be confusing. With 
respect to Glickman’s observations, it may be noted that e3q)Osuies were quite 
short (a few hours) and hydration was not maintained. When adequate time is 
allowed blood volume increases up to 20 per cent or more may be observed (63). 

One can think of few things which do not affect the blood pressure — high 
ambient temperature is no exception. In general, significant deviations ore not 
observed except during the changing state and during the period of instability in 
the first few da 3 rs of exposure to high temperatures when there is a tendency to low 
values especially in the erect stance and precipitate drops may occur before the 
syncopal attacks. The fall may be in the systolic, diastolic, or pulse pressures 
(21,24,26,72). 

4. Sweating. The subject of insensible water loss has been reviewed. Little 
new has been added sinoe by way of ba^ concept. Barbour (91), in surnmam- 
ing his studies of water movement in response to environmental temperature, 
emphasizes the heat-conserving properties of vapor pressure changes as they 
affect the availability of fluid for insmrsible loss and sweating. 

Pinson (92), in study of water loss in ddn areas in which the sweat glands had 
been inactivated, found that general exposure to heat caused increases in water 
loss, insenable perspiration being doubled by an increase in skin temperature of 
10°C. Bate of blood flow acted only as it increased the skin temperature. 

The variations in rate of sweating in different parts of the body have been 
studied imder subtropical conditiaas (93). The most rapid rates of insensible 
loss were from the hands and feet, forehead, and cheeks, the loss being relatively 
slow from the trunk, arms, and legs. Marked variationB from area to area 
ocouned. Lot experiments carried out imder extreme oonditionB very high rates 
of sweat loss have been reported (23, 83, 41, 62). Under severe conditions a 
sweat loss of 2.26 L/hour was common (33). 'Ihe magnitude of the fluid ex- 
change is apparent from these estimates. With an average man having 3.6 L 
of plasma (of which 3.2 L ore free water), men lost an amount approximating 
70 per cent of the free water of the blood. In some iastanoes the subjects lost 
from 3.3 to 3.9 L of sweat an hour, representing amounts equaUing or exceeding 
(120 per cent) the total blood water. Under the experimental conditions the 
TTiATrimiiTin sweating rate was 4J2 L/hour and some men completed 4 hours of 
work while sweating at rates of 3.0 L/hour (amounting to 4 tames the blood 
water and about | the total extracellular fluids). The significance of these high 
fluid losses will not be considered here in relation to the problem of fluid balance, 
save to say Uiat with adequate replacemeut there were only small changes in 
cellular volume and in the concentration of electrolytes, decreases in serum so- 
dium, potassium and chloride concentrations being less than 6 m. Eq./L (38). 
The idle of evaporaldve loss has been commented upon above and the problems 
of relating coefficient of evaporation, skin and air temperature and wind vdboity 
pointed out. The mechanisms for control of swealang have been studied (94), 
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and the ability of denervated sweat gLands to respond directly to heat and 
mecholyl demonstrated (96). Eemote responses are however dependent upon 
the intact state of the motor side of the reflex arc. The sensozy side was found 
not to be necessary since general sweating followed the action of healed blood 
upon the central nervous system. 

Thou^ the limiting capacity of the circulatory system is usually the determin- 
ing factor, failure of the sweating mechanism may limit adjustment to heat. 
CoUings (96) found cessation of sweating a prodroma in 26 per cent of cases of 
heat exhaustion in steel mill workers. Others (40, 97, 98, 99, 168) describe cases 
of failure of sweating mechanism desgnated as “thermogenic anhydre^”. The 
phenomenon was seen after prolonged exposure to desert dimates; or it followed 
esposure to hot humid heat for 7 months (98). The regional distribution of the 
anhydrcffiiB was similar among the cases and like that which follows thoracolum- 
bar sympathectomy. Since sudomotor, pilomotor and vasomotor responses 
may be governed by the end oa^an, sweat giland, vessel, or pilomotor muscle, by 
reflex through the spinal cord, or by central hypothalamic control, the location of 
the dysfunctiem was souj^t (99). Eespemse to heat, pilocarpine and mecholyl 
was one of complete anhydre^ in the affected area, with hyperhydrosis above. 
Eecoveiy was prompt in the cool, when repeat test elicited normal response. 
De^te the fact that cholinergic drugs failed to evoke sweating, it was not be- 
lieved that the end plates were the site q£ involvement, since mecholyl, etc., fails 
to stimulate sweating in cerebral lesions, heat stroke and thyroid crises. Action 
is viewed as an active cerebral inhibition which is sufficiently strong to abrogate 
drug effects. A refractory state of the sweat gland itself has not been excluded 
(161, 162, 163). 

The disastrous effects of heat on patients having hereditary ectodermal 
dysplasia of the anhydrotic type is well known. Studies of the effects of heat on 
2 of 3 brothers without sweat glands have been reported (100). Begional variar 
tions in water loss were further studied in diseased subjects (101, 167). The 
existence of great variation in water loss in the absence of disease was evidenced 
by one subject, dinically well, but who complained of undue fatigue when work- 
ing in hot weather. Skin water losses under comfortable conditions (76°F., 
E.H. 60 per cent) were consistently below average normal, the difference being 
markedly accentuated in hot, humid conditions (106 Tt, 76 per cent K.H.). 
A more recent contribution (17) demonstrates that the deiicienoy in circulation 
associated with congestive heart failure, results in a reduction in sweating to from 
27 to 47 i)er cent b^ow normal levels fmr the patient during the compensated 
state. The deficiency was general, and even mild thermal stress was poorly 
tolerated by these patients. 

5. Sait Depletion. QuestionB of salt requirement, methods of roftiniAming 
electrolyte and water balance and the effects of water deprivation will not be 
consideied in this rejMxrt except for mention where they have a direct bearing 
upon the effects produced by heat. 

That hi^ rates of sweating result in the loss of large amounts of salt and lead 
to a defloienoy state with ohaiaoteristio disturbances has been well established 



FETSIOLOGlCAIi HBSPONSSIS TO HBAT 


217 


(102), and recently, the salt deficiency states have been excellently portrayed 
(11). The important relationdiip of salt intake to cardiovascular function and 
heat exhaustion received limited attention until the mvestigations of Taylor, 
TfftnanTiftl and Keys (41). In a study of 34 subjects, they demonstrated that a 
moderate salt intake is essential tor the maintenance of cardiovascular function 
and the prevention of heat exhaustion. Men on low salt intake (6 grams) had 
pulse rates and rectal temperatures than did men on normal (13~17 
grams) intakes. A significant observation was that salt deficienoy with reduc- 
tion in pitmrna chloride was not always associated with heat cramps but in many 
instances led to heat exhaustion. Failure to replace water leads to similar 
phenomena of dehydration ediaustion (18, 19). 

Becent opinion as to salt loss during exposure to heat is summarized in a report 
of the Council of Pharmacy and Chemistry (103). 

Studies of Pitts et al. (104) led to results like those of Taylor, and indicate that 
while water replacement was best on an hour to hour basis, special circumstances 
are required to justify salting of the water. They suggest that the chloride con- 
centration of sweat is affected by 3 primary factors: 1, a peripheral factor corre- 
lated with akin temperature; 2, a central one correlated with rectal temperature 
and rate of sweating, and 3, personal idiosyncrasy. They found the rate of 
sweating and salt content to increase with increasing rectal temperature. Taylor 
et al. (41) found no correlation, and Horvath and Shelley (62) observed increas- 
ing rates of sweating with unchanged rectal temperatures. Cansistent differ- 
ences between subjects have been observed by all investigatorB. Morreira, 
Johnson, Forbes and Oonsolazio (106) found that chloride changes followed the 
foregoing pattern of responses (104) and that sodium was present in concentra- 
tions almost equivalent to chloride and showed the s am e correlatians with skin 
and rectal temperatures and with rates of sweating. In contrast with sodium, 
sweat potassium invariably decreased as work was prolonged and showed no 
correlation with the factors listed above. 

6. MetdboUm and Nutrition. Studies of resting metaboUsm m the heat are 
complicated by many factors and results are far from consistont; elevations, de- 
pre^ons, and no change having been reported. Too many studies neg^cted 
the factor of acclimatization and the level of thermal equilibrium at the time. 
There appears to be little question that during the changing state, before ac- 
climatization, and when the rectal temperature is elevated, significant in- 
creases in resting metabolism occur and that these increases are in general in 
accord with the Van’t Hoff coeflioient (106). After acclimatization, however, 
low levels are a more uniform finding (107). A detailed account of the course 
and magnitude of the lowering in resting metabolism has been reported (108). 
In contrast to the above, others (21, 109) found no change in basal metabolism 
after from 6 to 10 dasrs’ work in the heat; the subjects, however, exhibited eleva- 
tions in rectal temperature at the time. 

A. Caloric regwrements and speoific dynawie action of proteins. No great 
differences in the oalorlo requirement of man occur as the result of hi^ tempera- 
tures. Studies on rats have indicated a lessened requirement at hi^ tempera- 
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tuie afi evidenced by greater wei^t gain with similar intake and activity, and 
study of the voluntary food intake of United States Boldiers did not reveal any 
measurable seasonal difCerences (110). This is in harmony with the observa- 
tions that no signifieant changes in efficiency of working metabohsm as a result of 
heat are demonstrable at hi^ rates of caloric espenditure. Any differences that 
might be expected to result from the lessened requirement for heat producticm 
per se, would be quantitatively insignificant in relation to the overall expenditure. 
Similarly, any heat production from the ^cffic dynamic action of proteins is of 
no consequence. That it moreover is not measurable has been diown (109). 

B. Vitamin reguiremerds. The situation as to optimal intake of vitamins and 
the benefits of supplements has been greatly clarified. Mills and colleagues 
(111, 112, 113, 114, 165) believe that there is increased requirement in the i^at 
with increased need for choline (6 x normal). It is doubted that these results 
are valid as applied to man. Well-o<mtrolled human studies by others (109, 
115, 116, 117, 118, 119, 120, 121) offer canvinoing evidence that there is no in- 
crease in requirement or benefit from added supplements of vitamins or choline. 

Whether inferences as to requirement may be drawn from excretion levels 
alone is doubtful. Dietary intake is but one facet of a figure which comprises 
need, intalce, absorption, distribution, utilization, excretion, etc. With clinical 
observations valid for at least the duration of the studies, one is led to the conclu- 
sion that isolated observations on animala and on excretion, etc., ore interesting 
but not definitive with respect to man. 

The possibility of increasmg the ability of man to work in the heat by mnans 
of administration of specific substances has been attractive. The re^ts are 
disapp oi ntin g (122, 123). M[any of the symptoms of heat exhaustiem are 
those of adrensd insufficiency (124). This, and other reports (125) on the bene- 
ficial effects of adrenal cortex in hyperthermia led to its trial in men working in 
hot environments. No consistent effects were noted (97, 105) . 

7 . Oasiro-EiUeric Tract, The anorexia, nausea, vomiting, cramps and frequent 
diarrhea that often occur during high heat stress, reveal tihe pronounced effects 
which heat may have upon gastro-enterio tract function. Explanation for the 
occurrence of these phenomena is not complete. The vomiting has been ex- 
plained on the basis of rejection by the stomach of fluid that is not being absorbed 
because of limitation in blood flow to the stomach (88). Houechel et al. (24) 
studied the gastric emptying time of 17 normal men at temperatures of from 
77 to 120T. hi all but 1 the gastric emptying time was faster at the 
temperature; in 12 of the 17 a decrease of 80 per cent in time was seen at the 
higher temperatures. A study of 100 men doing hard work at 120"F, failed to 
reveal any anorexia or decreased gastric activity except when actual heat ex- 
haustion occurred. 

8. Thermal RegulaUon. Thermal regulation continues to be a matter of great 
interest and has recently been reviewed (3, 46, 126, 156). Further li^t upon the 
factor of chemical regulation is offered in the report of Hardy (15). Other 
reports (46, 127) have been concerned with the character of the nervous control 
and thyrmd activity. A significant paper covering olmioo-pathologio studies of 
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disturbanoes of temperature regulation in man has been presented by Davisou 
(128). Four cases of hyperthenuia and one case of hypothermia were studied. 
In three cases of hyperthermia the lesions responsible were idiarply circum- 
scribed in the ventromedial tuberal nudd in the floor of the 3rd ventricle. 

9. AccUmaiiizaiion. Man is a homothermic ftnimal capable of great increases 
in internal heat production. He, moreover, lives in a constantly dipnging ther- 
mal environment, all of which requires continuous regulation to maintiMTi ther- 
mal equilibrium at his normal level of internal temperature. Even short bursts 
of work with its hi^ heat production or minutes of interference with heat dissi- 
pation (hot rooms, excess clothing, etc.) will increase heat storage and elevate 
internal temperature (154). With sustained increased level of heat production 
or continued interference with dissipadon, a new level of thermal equilibruium is 
establidied by the individual. As this is repeated or continued for days there is 
rapid acquisition of the ability to maintain the same or lower level d thermal 
equilibrium under the same conditions of stress, at less cost to the individual. 
When the shift in temperature is moderate, the initial load on the homeostatic 
mechanisms is minimal and often unnoticed. Slight increases in rectal tempera- 
ture and pulse rate are nonetheless usual (129). When the change is great, and 
to an environment of high thermal stress, with initial marked physiological 
effects, the subsequent Icnprovoment in performance and reduction in load upon 
homeostatic mechanisms is spectacular. This acquired capacity entails complex 
readjustments, the mechanism for which is often conjectural. It has been sug- 
gested that shift of vasomotor control to thdomic centers is entmled (22). 
Without regard to hypothesis, the process of acclimatisation is characterised by 
certain phenomena and changes which have been well studied and described in 
investigations carried out within tolerable thermal limits (21, 23, 24, 25, 33, 41, 
130, 132, 133). 

A. General state. Begiiming with the first day and continuing at a decreasing 
rate for from 8 to 10 days there is progressive improvement in the appearance 
and behavior of men. Incidence of heat exhaustion, headache, distiness, 
polypnea, gastroenteric tract symptoms, inoo-ordination, irritability and depres- 
non decrease progressively. Most of the improvement occurs in the first 4 or 
5 days and when acclimatisation is acMoved the subject will often perform os 
willingly and well in the heat os was formerly possible under temperate con- 
ditions. 

B. CirculaUon. Circulatory system instability which is closely related to the 
production of many of the above symptoms, follows the same generid course 
during the acclimatization (21, 33, 41, 71, 72, 131). Changes in heart rate are 
dramatic, the principal reduction occurring in the first 4 or 5 days. 

C. Rectal temperatvre. The general course of the rectal temperature is pro- 
gresavely downward diuing acolimatisatilon, the reduction being more gradual 
than that of changes in circulation or performance. At low levels of heat stress, 
normal levels may be reached in from 7 to 10 days — in general, levels of from a 
few tenlhs to a degree or more above normal still ore encountered after 10 days. 

D. Sweating. Bates of sweating uniformly increase during acclimatisation 
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tTin f iigh the magnitiide of inoiease is "widely "vtiriable. Increases in rates of 
sweating usually begin later (after from. 3 to 5 days) than do other changes and 
may continue longer and even augment later (41, 62). The lack of relation be- 
tween this phenomenon and the mean skin and rectal temperatures was demon- 
strated in Horvath’s (62) study of 16 men acclimatized to severe conditions 
(T«93®F.). Chloride concentration tends to decrease during acclimatization 
(134) except in the presence of exhausting work. 

There has been good agreement among most observers that the performance 
and appearance of men, degree of "vascular instabilily, cardiac rate and rectal 
temperatures when evaluated together, ore so closely related to the state of ac- 
climatization as to comprise the most reliable indices of the state. 

The practical limits of work and environment for which acclimatization can be 
achieved are reviewed below. Limits for acclimatization are not only sharply 
defined but the adjustments involved in the acclimatization are easily disturbed. 
Thus, a fully acclimatized num may exhibit any or all of the disturbances charac- 
teristic of the unacclunatized state if excesdve rates of work are imposed (21, 
23, 24, 33, 71, 135) or if there is inteicuirent infection (7), loss of sleep, or alco- 
holic indidgence (21, 33). More importantly, failure to maintain complete hy- 
dration (18, 21, 26, 136), caloric intake (120) or salt intake (11, 41, 104) will lead 
to prompt deterioration in performance. The same factors which enable good 
performance in the cool and which are related to good initial capacity to perform 
in, and acclimatize to heat, are similarly important to the maintenonoo of the 
acclimatization. The acclimatized state is not only unstable -with respect to the 
above factors but is also a temporary adjustment in that it persists for a limited 
time only. With reduction in thermal stress, acclimatization is lost more slowly 
than it was acquired, the rate being infiumiced directly by the magnitude of the 
difference in the ambient temperatures (21, 24). A good state of acclimatization 
is maintained for 1 or 2 weeks with gradual loss thereafter,* some men retain a 
fair degree at the end of 2 months. In studies in the winter months persistenco 
for at least 3 weeks is usual (71 ) . Eepeated exposures at least 1 month apart oro 
required to maintain good acclimatization (21). 

H. Factors injhiencing a(xlimatMion. A number of factors influence the 
ability to acquire acclimatization and the rate of its development. Besting in 
the heat is associated with a limited adjustment, but work within limits of toler- 
ance is necessary for fuU development. Exposure and work in hot, dry onviron- 
ments results in a partial acclimatization to hot humid conditions. Bepeated 
brief (lit to 3 hrs.) daily bouts of work in the beat will acclimatize men but fullest 
adjustment is attained most quickly by graded, progressively inoresiring work in 
the heat. 

After acclimatization to one le"vel of thermal stress, further acclimatization may 
be acquired for more severe environments (23, 33), and acclmiati«ktion to a hi gh 
level of heat stress enables greatly enhanced performance in less severe heat 
(52). 

Long-term changes have not been studied under controlled condirions though 
the perfmmanoe of men after months or years of work and leaidenoe in environ- 
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ments of hi^ thermal stress is a matter of great practical importance and short- 
term studies cannot be expected to elucidate these slowly changing factors. 
These may be associated with deterioration, rather tbart improvement in adjust- 
ment and performance (4, 137, 138) . Several reports (97,98, 99) have called atten- 
tion to the instability of the sweating TnecbauiRmi that may appear after months 
of residence in the heat and CoUings et al. (96) noted stoppage of sweating in 26 
per cent of steelworjsers prior to breakdown — many of the men having had years 
of exposure. Certainly when the stress is high, deterioration can occur ina matter 
of hours or days (151, 152, 153). The character of the changes at low orders of 
stress maintained for years is not indicated. Investigation of the problem of 
deterioration is most urgent. 

10. WorkinHotEniHr(minent8. Work in hot environments imposes two addi- 
tive stresses, increased internal heat production, and added demands upon the 
circulation for the supply of muscle. Determinations of the relationship be- 
tween the stresses of ambient conditions, work and dehydration have been re- 
ported and reviewed (19, 133, 137, 139, 140). 

11. Upper Limits <4 Tolerance. AH of the factors which influence environ- 
mental stress, heat dissipation, heat production or the fitness of the man, become 
qualifying variables in any attempt to define limits of adjustment. In addition, 
the criterion of limit may range from discomfort to death. The relative signifi- 
cance of certain of these factors has been studied and referred to above : Environ- 
mental; air temperature, water vapor in air, duration of exposure, air movement, 
radiation, clothing, constancy of stress. Individual; diseases, work, body sise, 
acclimatization, age, fitness, individual variation, posture, fatigue, water balance, 
salt intake, c^oric intake, alcohol. It is apparent that the Wge number of 
variables will limit the application of results of particular experiments rather 
narrowly to the conditions and types of subjects employed. A further complica< 
tion arises in definition of limit of tolerance. Should some level of performaace 
be employed or should the convenient indices of pulse and rectal temperture be 
used? If the latter be employed and we accept the rectal temperature during the 
steady state as the index of the existing level of thermal equilibrium, one faces 
the question of what constitutes an acceptable range of increase in levels. Cer- 
tain limiting values have been proposed (23, 133, 140). Attempts to relate 
psychophysiologioal perfmmance to ambient canditions and to level of rectal 
temperature have not yielded very promising results (141). 

Studies of Eichna et al. (33) have established a series of (mvironmental condi- 
tions at which sustained work (4 hrs., at 250 cal./hour) is earily posable, difficult 
or impossible as a day-to-day performance for periods up to one week. Their 
subjects were well trained, fully acclimatized, young men, and were maintained 
on adequate salt and water intakes. They found, as had Haldane, that the Tw 
was the most important factor in determining tiie upper limits of tolerance and 
a better index of climatic stress up to 120°Td than was Td or the effective tem- 
perature. At Tw up to QVF, men worked easily and efficiently, maintaining 
thermal equilibrium with rectal tempemtuies \mder 101*T'. Between this toler- 
able ambient level and 94°E (above which sustained work was impossible), 
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work became progressively more difficult and heat casualties occurred 'with in- 
creasmg frequency. There is general agreement as to the level of tolerable 
In 1909 Haldane (142) sot the upper hmit of tolerance for resting men m still 
«ur at Sr« 90°F as did McConnell, Houston and Ya^ou in 1924 (35). Other 
reports (30, 38, 143, 144) arrived at siznilar limits. The agreement in level is in 
general fairly good, but not perfect. Robinson (23) reported a series of 212 ex- 
periments carried out at temperatures ran^g from 23 to 50°C with various 
humidities. Bis subjects mamtalned work at metabolic rates of 130 cal. MV 
hour at 36®C with 96 per cent relative humidity and were in thermal equilibrium 
from the second to sixth hours of exposures at 34°C with 91 per cent relative 
humidity. The ability to maintain thermal equilibrium was taken as the 
criterion for tolerance. We believe that the maintenanco of equilibrium is a 
good measure of the capacities of the homeostatic mechanisms but is not itself 
a measure of limits of tolerance since new thermal equilibria may be established 
at any level 'within the ability of tire individual to withstand the thermal stress. 

Search has continued for means of evaluation of total thermal stress in terms 
of known ambient conditions and the correlation of values obtained 'with physio- 
l(^al effects. Robinson (23) arrived at an index of physiological effect of 
en'vironment from weighted data on heart rate, skin temperature, rectal tem- 
perature and rate of sweating. This 1^ designated as B, or index of physiological 
effect. Using this index, environmental conditions which resulted in equal Bp 
values were determined and are presented in graphic form. Differences in be- 
havior of clothed and nude men are given. \^th severe themud stress Robin- 
son^s cemtours parallel those of Houghton and Ye^ou (146) for effective tem- 
peratures. In comparison with the results of Gagge, Harrington, and TOislow 
(30), Robinson’s contour line extrapolated to 100 per cent relative humidity, is 
about one degree higher at saturation with about the some air movement. 

Plummer, Cochrane and Siple have developed a siimlar concept, designated as 
'‘Thermal Acceptance Ratio” (54). Methods of evaluating environmontal 
loads are presented. like other approaches, this requiros the assumption of a 
skia temperature and makes no provision for the complex factors involved in 
sweating and evaporation. Since tho stress imposed by an environment is a 
function of the ratio between the abiHiy of the environment to "take up heat and 
the requirement for beat output by the body, considerably more information is 
needed before refined general expresnons will be entirely acceptable. A con- 
fflderable advance in defining relationships has been made by Nelson and co- 
workers (28). 

Much-needed observations on the effects of hi|^ le'vels of radiation ggi'n have 
been reported (136, 146, 148, 149). The increases in metabolic rate caused by 
radiation ore significant. 

12. Hetrf Disease. In heat stress, either by reason of the direct effect of high 
le'vels of thermal equilibrium or because of overstresang of homoostatio meoha- 
nians, performance may qiuoldy deteriorato and collapse occur. Again, with 
high stress, there may be a gradual deterioration in work capacity with the 
appearance of distresting and inoapaoitating symptoms. With this breakdown, 
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and without regard to type of onset, there appears a train of phy^ologica] dis- 
turbances which, when taken together, make up the clinical ^yn^oxnes of heat 
cramps, heat exhaustion, and heat stroke. The syndromes are descriptive of 
the final states encountered and are practically useful in determining therapy; 
physiologically their occurrence throws light upon the character of the break- 
down of the overstressod homeostatic Tnp.fthft,niaTnB - The conditions encoun- 
tered clinically have been described in detail (11, 36, 37, 39, 40). The most 
spectacular of these syndromes, heat stroke, is characterized by coma, hyper- 
pyrexia, cessation of sweating and circulatory failure. Levels of hydration and 
salt content are normal and extreme levels of rectal temperature (103-1 12®F.) 
are encountered. The second type, commcmly differentiated into 2 syndrames, 
heat cramps and heat exhaustion, appears to have a common basis, the pattern of 
symptoms being determined by the relative importance of the effects caused by 
circulatory system instability, salt deprivation, and dehydration (11, 41, 96). 
The importance of cessation of sweating has been pointed out above — ^it is fre- 
quently associated with impending failure or stroke and may cause collapse with 
or without hyperthermia. The question of fatigability of the mechanism has 
been investigated; the experiences in the field suggest this is an important con- 
sideration and the reduction in capacity with time or excessive load of the homeo- 
static mechanisms is demonstrated in the studies of environments of hi gh thermal 
stress (23, 24, 33, 161, 162, 163). 

Local metabolic and functional abnormalities may result from altered hemo- 
dynamics, deficient blood supply, or from the direct effect of temperature itself. 
Additional evidence of the damaging effects of heat upon the brain have been re- 
ported (147). Oxygen uptake of rat cerebral cortex v^ found to be greatly re- 
duced at temperatures of from 40-47.6®C (104-116®F.). The rate trf utilization 
decreased more rapidly with time as the temperatures were increased, becoming 
asymptotic at a level 10 per cent of that of control slices at 37.6®C. In about 
half tiio experiments the oxygon consumption was constant for an hour or more, 
in the remainder there was decrease with time begmning as early as 30 minutes 
after thermal equilibrium. The inhibition was reversible after 3 hours’ exposure 
at 40®C. (104®F.) but after even 30 minutes’ exposure at 40.8®C. (106.4TP.) or 
higher, recovery was incomplete after cooling. Temperatures hi^er than 41 ®0. 
resulted in progressively less complete recovery. These findings are consistent 
with reports of sequelae following hyperthermia. These have been reviewed 
(160). 


SXJHBCABT 

No conclusions are drawn but the general pattern of the investigations prompts 
certain comments. 

The reseuohes of the last few years have demonstrated that the performance 
and state cn miin in relation to his environment is a measurable phenomenon 
with qualitative aspects often quite dissimilar from the measurable differences 
in the components that together make up the whole. Man as a functioning 
organism is quite difforent in character than any of the systems into which, in an 
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analytic approach, he may be resolved. The lesson for physiologists is clear; 
the overall performance of the integrated being should be the point of depai*turo 
for research endeavors, and the yardstick by which the individual results are 
gauged. Both types of activity are essential — ^it is only by splitting ojff bits that 
it becomes possible to provide the bricks for building, and only by continuing 
and related study of the overall performance do wo provide the observations 
necessary for delation of the individual problems, and the architecture of the 
whole. 
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THE DEFINITION AND MEANING OF pH 
A. G. OGBTON 

Department of Biochemiaity, Oxford, England 

This is intended to be a critical review of the meanings that are attached to 
the term “pH”. Some of the principles underlying the methods of measming 
it are discussed, but not their experimental details. 

There is need for a review of this sort since “pH”maybear several different 
meanings and since, in spite of its universal use, it is clear that many of its user's 
are not aware of thia fact. It may be an exact or inexact statement of the 
result of a given method of measurement; it may reprosent an exact physico- 
chemical quantity; often it is used in senses which are physicochemically inexact 
and ambiguous. 

The object of this review is to examine the possible meanings of “pH” and 
their respective usefulness in the light of well established physicochemical prin- 
ciples. A convention of erqpression is suggested which should promolc clarity 
and prevent confusion. 

I. Bulk Phaaca. pH is most commonly used as a term of description for or- 
dinary bulk solutions. It may serve two rather different pmposes: first, to de- 
fine empirically a unique property of a solvent mixture (including buffer and 
neutral salts etc.) which shall determine the state of dissociation equilibrium of 
any given add dissolved in it, in such a way that the some state of dissociation 
can bo reproduced at will: secondly, to fonn port of an exact physico-chemical 
e^qnression of the state of dissociation. 

The importance of the hydrogen ion as a factor controlling the dissociation of 
adds and bases in solution was recognised when Arrhenius applied the law of 
Mass Action to ionic equilibria. Later it was realised that many substances 
of biological importance are weak adds or bases whoso degi-oes of dissociation 
in part determine their biological activity. 

In the modem terminology of Bronsted (1) and Lowry (2), any add-base 
equilibrium may be espressed as 

where A and B are conjugate add and base and H+ represents, in aqueous solu- 
tion, the ion HtO^. Application of the classioal Mass Action theory gives 

(H+).(B)/(A) (1) 

Sorensen (3) introduced the term pH as a convenient shorthand for ~log(H+); 
equation (1) is transformed to 

pH - pN -1- log (JS)/(A) (2) 

The use in this sense of pH was typographically convenient; it allowed the whole 
range of solutions, from strongly acid to stroni^y alkaline, to be expressed on a 
compact graphical scale; equation (2) gives ihe useful symmetrical dissociation, 
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ionisation or titration cui*ve and furthennore shows that pH defines the value of 
(B)/{A) for a given value of K. 

However, it became evident that equation (1) is not a generally valid expres- 
sion of acid-base equilibria; the values of K were found to vary with concentra- 
tions of the acid-base system and of neutral salts. G. N. Lewis (4) therefore 
introduced the concepts of “activity”, a, and “activity coefficient”, /. In 
ionic solutions these are usually mlated by 

a = f.c 

\^here c is the concentration; / is defih.ed as approaching unity at infinite dilution 
and at finite concentration is given such values as to make the value of K equal 
to that expressed in terms of concentration at infinite dilution. Equation (1) 
becomes 


K = (H+).(B)/(A) (3) 

dA. JA 

We shall use the second form in the furth^ discussion. 

The logarithmic form of (3) analogous to (2) is 

logK-.log(H+)+log(B)/(jl) + log^^ (4) 

/A 

It contains four terms in place of the three of equation (2). The “p” notation 
has purposely not been used because th^ are two questions which iSrst require 
answers: 

1. Can equation (4) be satisfactorily reduced to three terms, by incorporation 
of the activity coefficients in one or more of the other terms, so that it be- 
comes like equation (2)? 

2. What are the quantities in equation (4) that are measured by the means 
used for measuring “pH”? 

These questions should be considered together because it is desirable that the 
result cf an eisperimental determioation of “pH” diould correspond with one of 
the terms of equation (4) or of a modification of it. 

Consider first the ways in which equation (4) might be reduced to three terms. 
1. The activity coefficients might be distributed amongst the other three 
terms, but this may be done only in certain ways. Guggenheim (6) has shown 
conclusively that the activity or activity coefficient of a siagle sort of ion cannot 
be unambiguously measured or defined; this applies more generally to any func- 
tion 




( 8 ) 


such that the algebraic sum of the ionic charges of a;, y, s • * * , ^ch multiplied 
by its exponent minus that of the charges of a/, y', s'* * 'is not zero. 'Hie 
attachment of any numerical value to such a function must involve some ar- 
bitrary assumption; and while the use of such a function may sometimes be con- 
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venient, it is easy to overlook the fact that an implicit assumption has been 
made and, consequently, to become involved in an argument which can lead 
only to that assumption, perhaps in a disguised form. 

The charge of J? is always one unit more negative than that of A. It follows 
that there are only two cases in which the divimon of the activity coefl&cients is 
legitiniate; that in which A carries no charge, when it is permissible to separate 
/h+'/b" from jjL , leading to 

pff = pK + logj-^ (6) 

where pH =« — log(H+)-/jf+*/B“;' 

and that in which B carries no charge, which leads to 

pH-pK + log®;* 

•where pH = -log(H+)*'<-//A (7) 

These two definitions of pH correspond with the quantities that are obtained 
in certain measurements and will be discussed further. 

One definition of pH is often used which is quite illegitimate; this is 

pH = -log(H+)-^+ (8) 

Authors frequently refer to the “activity of hydrogen ion” or the “activity coefli- 
dent of hydrogen ion” apparently thinking that they are being peculiarly precise 
and unaware that they are using terms which are physically undefinable and 
whose magnitudes are experimentally unmeasurable, unless some special ar- 
bitrary assumption is made about the magnitude of some other quantity in the 
system. 

One such assumption may pei'haps be justifiable, namely that the properties 
of any ion depend only on its charge. This may be approximately true in the 
range of concentratians to which the Debye-Huckel treatment applies, thou^ 
even in such dilute solutions the radii of the ions have some effect. The mean 
activity coefficient of any uni-univalent electrolj’te may then be defined as 

and 


pH - -log(H+)./± 

This is sometimes a useful convention; but it should be recognised as bemg 
arbitrary. 

2. The activity coefficients might be combined with K to give a modified, 
variable “constant”. But this is not m accordance with common practice 
which is to define K as a. constant of the acid-base system and to ^ve it a value 
m^sured under specified standard conditiotns, which include the temperature 
and the advent. 



DEFINITION AND MEANINQ OF pH 231 

3. The activity coeflBcients mi^t be combined -with {B)/{A) so that we should 
write 

log X = log (ir*) + log III (9) 

There is no objection in principle to this, but it is not very useful. Where an 
indicator or buffer is used, it is the ratio {B)/{A) that is measured or fixed; 
where the behaviour in this solution of another dectrolyte is considered, the 
activity coefficients of its ionic forms and of those with which it interacts are 
required for the description, not those of B and A. The third term of equation 
(9) does not therefore supply all the information that is required for such de- 
scription and equation (9) offers no advantage as compared with equation (4). 

4. The activity coefficients might be combined with log(H+) to give 

log K - log m + log g] 
or 

pH = pX + log (5)/(4) (10) 

where 

vB = -iog(fl+)-'^;^ 

jji 

This also is theoretioally unobjectionable. It might be positively justified if 
it could be showm that this function is given directly by the practical means for 
measuiin^ pH. We shall proceed to examine these. 

There are two general means of measuring pH: by the observation of chemical 
equilibria and by measuring the EMF of an dlectrolytic cdl. 

1. Chemical equilibria. There are tluree methods of measuring or fixing pH 
which all yield the same sort of function of concentrations and activity coefficients. 

a. A buffer is used to fix the pH by fixing the value of the ratio (B)/(A) in 
equation (4). Given the value of H of the buffer, the pH obtained directly is 
that of equation (10). 

h. An uidicator is added to a solution whose pH is fixed but unknown and the 
ratio {B)/(A) of the acid and basic forms of the mdicator is measured. Given 
the value of H of the mdicator, the pH obtamed is that of equation (10). 

c. The rate of a hydrogen ion-catalysed reaction is measured. This is de- 
termined by the concentration of the complex A formed between the substrate 
B and the hydrogen ion 

H+ + B;^A 

The ratio of rates m two solutions thus measures the ratio of concentrations of 
A in them: the pH difference measured is that of equation (10). 

2. PotenUometric methods. There are two sorts of cell used: 

0 . CdUwithUguid junction. ThetypeofcellmostoftenuBedconsiste of a hydro- 
gen or giftffl electrode dipping into the solution, with a c a lami reference electrode 
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connected with the solution by a salt bridge; the “liquid junction” occurs be- 
tween the salt bridge and the experimental solution. This type of cell has the 
great disadvantage that, in whatever way the liquid junction is made, the pro- 
cesses at it are irreversible and are not therefore subject to thermodynamic 
theory. Gi^^enheim (6) concluded that their EMF can be described only in 
terms of the mobilities and concentrations of all the ions present in all parts of 
the cell and our present knowledge do^ not allow this to be done more than very 
roui^y. Obviously such a cell can give no theoretically satisfactory measure- 
ment of pH. 

&. CcZZs yuTic^ton. Cellsc^this type consist of two reversible elec- 

trodes dipping into a single solution. Thrir EMF can be precisely described in 
thermodynamic terms. Such a cell would consist of a hydrogen or glass elec- 
trode with, perhaps, a silver-silver chloride electrode reversible to Cl~. 

Ha-Pj/Solution contaming buffer and neutral salts including and 

ClrlAga-Ag 

The EMF of this cell at standard pressum of hydrogen gas is given by 
E = Fo + BT/F. ln{H+)(Ct-)‘fB*‘fci- 

where Eo is the EMF of the cell when it contains HCl of activity defined as 
unity. Since the concentration of C!t~ can be estimated chemically, one mi^t 
define pH as measured by the EMF of such a cell containing unit concentration 
of Cl-. 


pH =» — log(H+)-/H+*/cr 


( 11 ) 


The reference electrode might be revertible to some other cation such as Ncf*'; 
then its EMF is given by 


F (iV'0+).^a+ 


and one might define 


pH =» --Iog(H+)-/ir+/Aa+ (12) 


From tile foregoing discussion it appe^ that none of the definitions of pH 
is uniformly satisfactory. Those that are obtained directly from a method meas- 
urement (equations 10, 11 and 12) have the disadvantage that the quantity 
measured contains not only a quantity oluuracteristio of the solution, but also 
quantities whidi are characteristic of the m^suring system. Thus different 
measuring eiystems applied to the same set oi solutions wiU spve different results. 
For example, two indicators will in general record different differences of pH 
between the same two solutions and this will be especially marked if the indi- 
cators are of different ionio ohaige type; two different buffer systems, especially 
if they are of different ionic charge Igqw, will suffer different ohfmges of pH with 
change of ionic strength; two cells without liquid junction which have different 
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reference electrodes 'will respond differently to the same change of ionic strength. 
Nor can it be ai^ed that the activity ooeffidents which refer to the ions of the 
measuring system will be valid for anoiher system in whose dissociation we may 
be interested; this will be true (and even then only approximately) only if this 
system is of the same ionic charge type as the measuring s yst e m rtkI only in 
dilute solutions. 

Thus if it is desired to give an exact description of the state of dissociation of a 
given solute in a given solvent mixture, in relation to a measured property of the 
solvent, it is necessary to measure or compute both the activity co^dents 
relevant to the measuring system and those relevant to the solute. No ad- 
vantage is to be gained by an attempt to reduce equation (4) to three terms and 
it is better to let the activity coefficient term stand explicitly alone. This means 
a return to S0rensen’s orighal definition of 

pHs = -log(H+-) 

which is the (mly function characteristic of the solvent mixture and independent 
of the solute or measuring system. This is distinguished by the subscript S 
(denoting “S0rensen”) from any empirical meaning of pH. It would prevent 
confusion if pHs were used exdusivdy in would-be exact physicochemical 
expressions and reserved for this purpose. 

At the same time *‘pH” as conunoDly used is very useful within certain limits. 
It does provide an ea^y made measure of the physico-chemical state of a system 
which enables that state to be apprcodmately reproduced from one eiqperiment 
to another. In solutions fairly dilute with respect to electrolytes and in which 
specific interaction of ions is small, the activity coefficients of different salts and 
unchaiged species do not differ very much from each other or from unity and 
the estimates of pH of such solutions obtamed by different methods — even from 
cells with liquid junction— will not be widely different; this is true even if it is 
difficult to interpret the measurement in terms of exact physico-ch'enoical quan- 
tities. In quoting such a pH value it is important to state the method by which 
it was obtamed; for example, the buffer mixture or indicator, the assumed value 
of pK, the concentration of neutral salt, the electrode system and the standard of 
pH used to calibrate it. Indeed, it is often more precise and no more trouble to 
state the composition of the solution alone; for example, to state that a protein 
was dialyBed against “JVaCi 0.2ilf , NosHPOi O.IM, KHJPOi O.IM” rather than 
“0.2Af phosphate pH 6.8 containing 0.2M NaCV\ 

To mrmmme, it is hi^y desirable that pH should be confined to two mean- 
ings; 

1. The ordinary empirical quantity used as an approximate specification and 
derived directly from a method of measurement; in quoting its value, all the 
relevant details of the method should be given. It should be written “pH”. 

2. In any exact physico-chemical expression where its use is desired for brev- 
ity, it should mean only — log(jff+) and should be written “pHg”. Activity 
co^oients should appear explicitly as a separate term, as in equation (4). 
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n. Btdk Phcaes in Membram Eqtnlibnitm. Biilk phases separated by a mem- 
brane whidi allo^ the passage of some but not all of the ions deserve some 
special discussian; differences in their properties are of interest in accounting for 
the differences of composition across natural membranes, for example, between 
the interior of a cell and its surrounding fluid. Since each of two phases con- 
sidered is a bulk phase, there might seem on the one hand to be no need to add 
to the foregoing discussiaQ; on the other hand, tince they are in equilibrium, it 
might be tempting to £pve a theimodynamic rather than a stoichiometric mean- 
ing to pH and to say that it ou^t to be taken to be the same in both the phases. 

However, it is not le^timate to use any such concept as “activity of hydix^en 
ion”, whidi can be measured or defined (^y relative to some arbitrary definition. 
What can be measured is either physically indefinite or involves other ions as 
well, depending on the method of measurement. Thus, as in the case of sin^e 
bulk phases, the values obtained depend on the method of measureiaent and the 
activity coefficients which their esqiression involves are relevant only to the par- 
ticular method used. 

1. Egmlibrium methods. Owing to the Donnan equilibrium effect, the dis- 
tributions of ions of different ohaige type will differ. Thus the values of 

for a buffer or indicator will be different in the two phases; the values will de- 
pend also on the ionic radii and on factors lading to speoifio interaction between 
ions. The ratio of the values of (B)/iA) found in the two phases with a j^ven 
indicator are the same whether the indicator species are themselves in equilibrium 
across the membrane, provided that they can pu» throu^ it, or whether mnAll 
amounts of indicator are added to separated samples of the phases. A solution 
obtained by dialysing a charged colloid against a buffer is not identical with 
that obtained by dissolving the colloid in the same buffer, even if the colloid is 
first adjusted so that it will not appreciably exchange ions with the buffer system. 

2. Electrode systems. The passage of current between two electrodes, one 
beu^ in each phase can lead only to: 

a. The transfer of combmatlons of ions satisfying the condition of electrical 
neutrality (5), if the electrodes are reversible to ions that can pass the mem- 
brane. 

b. To polarisation of the membrane if the electrodes are reversible to ions 
that cannot pace the membrane. 

c. More complex changes if the dectrodes are not reversible. 

Of these, b will uo useful information while c will be difficult to interpret, 
a is represented, for example, by a pair of hydrc^en or silver chloride electrodes, 
one in each phase; the potential difference between such a pair is aero. Simi- 
larly, the pot^tial diffOTences between a reversible hydrogen and a reversible 
chloiide electrode, both in the same phase, are the sa mfl in each phase. These 
identities coocieBpond with the identity of the activity of any combination of 
ions, that satisfies the condition of electrical neutrality, in the two jffiases. On 
the other lumd, the potential difference between two calomel-KGl electrodes, 
one in each phase, is not zero; nor are the jmtentials of hydit^^en against oalomel- 
HOL measured in the two phases the same; the reason for these differences must 
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lie in the iireveisible nature of the process^ that occur at the liquid junctions of 
the calomel electrodes. 

There seems to be no reason, therefore, to vary the conclusions reached for 
the case of single bulk phases. In using pH in its empirical sense, it becomes 
even more important to specify the conditions of its measurement. For exact 
e:q>ressions the use of pHs is desirable, whidi leaves the effects of activity coeffi- 
cients and of Donnan distribution to be expressed explicitly. 

Membrane potentials. Appeal is often made to an electrical potential difference 
across the membrane to explain the unequal distribution of given ions. The 
difference of potential between two calomel-KCl electrodes, one in each phase, 
is often taken as measuring this pot^tial. Since use is made of this potential 
in connection with observations on the osmotic pressures of solutions of charged 
electrolyte and their “pH”, the matter requires some attention. 

The derivation of the Donnan distribution doe not require the assumption 
of any membrane potential; only two conditions need be imposed to obtain it: 

1, that both phases shall be electrically neutral; 

2, that the activity of any combination of ions, whose transfer across the 
membrane involves no net transfer of charge, is the same in both phases (e.g., 
a pair of c^positely charged univalent ions). 

AH the properties of the system, including the osmotic pressure, can be ex- 
pressed in terms of the stoichiometric concentrations of ions in the two phases 
and the activity coefficients of salts and there is no need to assume any value of 
potential at the membrane to account for any of these measurable quantities. 

There is no doubt that there does i^de in the membrane a discontiniuty to 
which the name “potential” can be ^ven. But any definition of its magnitude 
must involve the work of transfer of a sin^e sort of ion from one phase to the 
other; this involves on assumption about tiie activity coefficients of that ion in 
the two phases which, as has been seen, must be arbitrary. The case is exactly 
that of the potential of a single electrode against solution. The stoichiometric 
ratios of concentrations of different ions in the two phases will in general be dif- 
fermt so that there can be no \mique standard even of arbitrariness. The mem- 
brane potential could be used only to ^ve an account of the stoithiometrio ratios, 
but it is preferable to deal with these directly and estplioitly. The membrane 
potential is, therefore, a useless abstraction. 

The quantity measured as the ^‘membrane potential” is usually the potential 
difference between two calomel-KCl electrodes, one in each phase. While this is 
a reproducible quantity, under given conditions of e 2 q)eriment, its measurement 
involves the use of two liquid junctions of KCl solution against solutions of dif- 
feimt composition. The assumption that the whole — or any definite part — 
of the observed potential difference arises at the membrane is oompletdiy ar- 
bitrary and any attempit at testing its truth must involve an arbitrary assump- 
tion about the activity coeffitients of some one sort of ion. 

The use of the concept of ‘^inbrane potential” is therefore to be avoided. 
If any assumption has, for convenience, to be made, it is much better based on a 
ratio of oonoentratioxis than on measuremmxts with calomel electrodes. 
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in. Interphasea. The state of dissociatioii of an acid group in an interphase 
is often different from the state of dissociation that it has, or from its chemical 
nature would be thou^t to have, in a bulk phase in equilibrium with the inter- 
phase. Sudi a difference is of interest to the biologist in connection with the 
properties of proteins and other colloids and of cells. It is desirable that such 
differences should be expressed in satisfactory terms. 

Inteiphases differ in some important respects from bulk phases. They are 
the regions of discontinuity between bulk phases. They are very small in 
bulk and are anisotropic. Care is needed that tenns applied to them shall be 
physic^y definite and can be related to measurements that can actually be made 
on them. Thus, to consider, as Craxford, Gatty and Teorell (7) do, the readings 
that mi^t be obtained with electrodes placed in the interphase is not helpful, 
because it would not be possible to know in practice in what part of the inter- 
phase the dectrodes had been placed nor what disturbance they mi^t have 
introduced; nor can analytical measurements be made on an inteiphase. The 
only properties of an interphase that can be measured are those relative to the 
bulk phases; for example, interfaoial tendon (that is, the diange of enei^ of 
the system on increadng the area of interphase), electrophoretic mobility or 
streaming, or the changes in the compodtion of bulk phases that result from the 
formation of interphase. The state of dissociation of groups in an interphase 
can be deduced from measurements such as the change of intexfacial tendons 
over a solution of a fatty acid or amine with pH of the bulk phase (Peters) (8), 
the change of dectrokinetic properties with change of compodtion of the bulk 
phase (Danielli) (10) or the dbanges in the colours of indicators in the presence 
and absence of interphase. 

Without for the mcxnent specifying the meaning of its terms, add-base equilib- 
rium in an inteiphase may be stated to be expressed by an equaticm analogous 
to (4). In comparing such an equation with that applying to the bulk phase, 
special care will be needed about the meaning of “concentration”. Only the 
Gibbs “surffice excess” P of any molecular species can be measured; this may 
be podtive or negative and its difference from zero certainly implies a dif- 
ference of something r^embling “conoentration” between interphase and bulk 
phase. But the interphase is anisotropic and even an average concentration 
cannot be obtained from P imleas the thickness of the interphase is known. 
The thickness is usually unknowable and therefore subject to arbitrary definition; 
only in certain rather simple cases can any quantity be obtained which is in any 
way analogous to thickness. These are the cases where the A and B forms of 
the substance or group in whose dissodation we are interested are materially 
confined to the interphase; that is, in which the surface excesses of A arid B are 
very large and podtive, compared with their concentrations in the bulk phase. 
Such cases are those, for example, of monolayers cf long-chain fatty adds or the 
surface of particles of protein. The degree of diffiodation in the inteiphase fta-n 
then be sharply dis tinguishe d from that in the bulk phase, since the bulk 
woitributes ne^gjbly to the quantities of A and B in the interphase; the other 
particle in whose distribution we are interested are then ionic and their dis- 
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tribution is largely deteimined by electrical forces arising in the interphase. 
We shall confine attention to inteiphases of this sort. 

Now consider equation (4). Since A and B are materially confined to the in- 
terphase and only their ratio enters the equation, th^ can be defined in any 
convenient way, such as quantities per unit area of interphase. The activity 
coefficient term is dimensionless. It follows that K and (H+) are of the same 
dimensions. Therefore, if iT is to be of the same dimensions as in the bulk phase, 
then (H+) must have the dimensions of a volume concentration; or if (jEf'*') is to 
have other dimensions, such as a surface excess, then K must be correspondingly 
defined. But, in the latter case, the value of K would not be comparable wiHi 
that in the bulk phase and it would be necessary to refer all thermodynamic quan- 
tities to a standard state defined for the interphase, whicffi would ^ experimen- 
tally inconvenient. We shall therefore keep K having the diTnAnfriop a of a 
volume concentration. 

In terms of equation (4), the observed differences of (B)/(A) in interphase and 
bulk phase could be described in three ways, which we shall discuss in turn; 

1 . Difference of K. One would expect the tendency of an add molecule to dis- 
sociate to be different in an interphase and a bulk phase; not only may there be 
an electrical potential gradient in the interphase, but other physico-chemical 
conditions also may be considerably different, such as dieleotric constant and 
the basic strength of the solvent. Hartley and Boe (9) suggested a difference 
of /C as a means for espressing the difference of degrees of dissociation in inter- 
phase and bulk phase in equilibrium. This is certainly permissible and mi^t 
at first sight appear particularly reasonable. But it must be remembered that 
K may be given any numerical value whatever according to the definition of a 
standard state. A rational definition of iC in the interphase would be with refer- 
ence to some accessible standard state in the interphase, but this has the dis- 
advantage which has been mentioned that all measurements on an interphase 
are in fact mode relative to a bulk phase. Hartley and Hoe choose as a standard 
state in the interphase that in which there is no gradient of potential; while this 
allows the Debye-Hfickel treatment to be applied to the variation of K with 
composition of the bulk phase, the standard state cannot be even closely ap- 
proached in many cases. In view of 1h.e fact that, in any cose, the numerical 
values of iC are subject to the definition of the standard states and therefore 
do not measure the difference of the tendendes of an add to dissociate, it seems 
simplest to retain the bulk phase value of K for use in the interphase. 

2. Difference of (jH’+). There will certainly be a surface excess of hydrogen 
ion in the interphase, pemtive or ne^tive, according to the electrical and other 
physical properties of the interphase. Insofar as it depends on the electrical 
properties, the Debye-Hllckel theory allowB this surface excess and its distribu- 
tion in deptii of tiie interphase to be calculated in simple cases. The influence 
of other phydcal factors cannot be aUowed for, so that a calculated value of the 
surface excess and its distribution has no absolute dgnificance; it allows the 
variation of the properties of the interphase with change of compoeition of the 
bulk phase to be predicted, insofar as these change the electrical properties of the 
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interphase. Now, (H'^) must have tlie dimensions of a volume concentration, 
whereas the distribution of hydrogen ions in the depth of the inteiphase is non- 
uniform. Hartley and Roe (9) calculate a differential value for (H+) as a func- 
tion of the charge of the interphase and the ionic composition of the bulk phase; 
this corresponds physically with the quantity of hydrc^en ion per unit volume 
of an infinitely thin lamina infinitely near to a surface in which the charge is 
located. This definition of (H+) is dimeosionally correct and physically exact; 
it is a perfectly legitimate means of expressing the variation in interphase proper- 
ties with those of the bulk phase. 

Danielli (10) also calculates (H+) by the much less legitimate device of sup- 
posing that there is a Donnan membrane parallel with the charged surface and 
distant 1/k (the characteristic distance of the Debye-Htickel theory) from it; 
he assumes uniform concentrations on both sides of this membrane and Donnan 
equilibrium across it. He is fortunate that, for surfaces of small curvature, ihis 
treatment yields the same value of (H*^) as does Hartley and Roe’s. 

The objection to the use of the Debye-Htlckd theory to calculate a value of 
(JET'^) in the interphase is that it is not in accordance with the standard applica- 
tion of it to small ions. Hartley and Roe surest that it ^ould be applied to 
the calculation of the value of (H+) at the surface of even Hman ions andthatthe 
value of K for such ions should be that in which there is no surface exc^ of 
hydrogen ions. But sudi a state is in practice unattainable and there seems to 
be no good reason for abandoning the traditional use of the Debye-Htickel theory 
for calculating activity coefilcients relative to an approachable standard state. 

3. Adioiiy coefficients. The use of the activity coefficient term has the ad- 
vantages that it is the traditional method of treating the variation of the proper- 
ties of small ions and that it introduces no new difficulty over the definitions of 
K and (H***), which have the same meanings and values as in the bulk phase. 
The activity coefficient eiqpresses in a formal fashion differences in the mutual 
ener^es of ions, as measured or calculated, from their values in a defined and 
accessible standard state. The ille^tnnacy of the expression of the activity 
coefficient of a edn^e ion is well known. The setting up of physical models 
which have a fipurious air of reality, without ^ving any experimental or theoret- 
ical advantage, is avoided. Carman (11) has made use of the calculation of ac- 
tivity coefficients in describing the titration curves of complex electrolytes as a 
function of the composition of the solution. 

AH these three involve the same application of the Debye-Hffckel theory n-riH 
differ only in the way in which the results are caressed. The choice is there- 
fore not between prindples but between modes of e3q>ression. The last is to be 
preferred. The term “pH” has been intentionally avoided in the discussion of 
mteiphases. It is now seen that “surface pH” c«.ti refer only to a surface 
or to a function of a rather unreal “concentration”. By the proper use of activ- 
ity coefficients its use can be avmded. Loose talk about the “pH of interphases” 
is to he condemned. 

finally, it should be remembered that only the electrical properties of inter- 
phases can at present he treated theoretically in a quantitative manner, and 
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then only in siinple oases. The changes in degrees of dissociation of groups in 
the inteiphase with changes of composition of the bulk phase can be so far pro* 
dieted, a^ are reflected in the changes of measurable properties of the interphase 
relative to the bulk phase. Agreement between the changes of several measuiv 
able quantities does not necessarily strengthen confidence that no factors other 
than the electrical are of importance. For example, the agreement between 
thermodynamic and electro-kinetic changes found by Danielli (10) serves only 
to show the consistency of the Debye-Hfiokel treatment as applied in these two 
fields, not the correctness of a predicted “surface pH”. 

CONOLDBIONB 

It is concluded and recommended that: 

1. Wherever the term '‘pH” is used in exact thermodynamic equations it 

should bear the single meaning log(£r+)” and should always be written “pHs”. 

2. Where “pH” is used as an empirical means of spedfying the add-base 
properties of solutions, derived from some particular means of noeasurement, 
it ^ould be written without subscript. In giving its value, the method of 
measurement, its standardisation, and details of the composMon of the solution 
(such as the kinds and concentrations of buffer and neutral salts) should also 
always be specified. 

3. The use of the concept of “membrane potential” should be avoided. 

4. The tenn “pH” should never be used with reference to interphases. 
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A REVIEW OF PHYSIOLOGICAL AND PSYCHOLOGICAL STUDIES OF 
SEXUAL BEHAVIOR IN MAMMALS 

FRANK A. BEACH 

Department of Psychology, Tale Univerrity, New Haeen 

Purpose and Methods. As used in tins article the term “sexual behavior** 
refers exclusively to the overt acts comprismg heterosexual copulation, to those 
contiguous reactions commonly designated as “courtship” or “precoital play,** 
and to a variety of non-copulatory sexual responses such as those involved in 
auto-erotic and homosexual activities. 

The references and discussion which follow have been assembled and organised 
in an attempt to serve three purposes: (1) to bring together various neurological 
and endocrinological data concerning the strictly ph 3 ^ologioal a^ots of sexual 
behavior; (2) to integrate with these relatively dear-cut results of laboratory 
investigation certain less definitive but equally important p^chological findings 
reported by students of animal behavimr, by practical animal breeders and by 
clinicians; and (3) to attempt to derive from this p^cho-physiological potpourri 
a series of inter-spedes comparisons which may implement an evolutionary 
interxnetation of human sexuality. 

Merely to list and summarize the physiolo^cal experiments would have been 
a comparatively simple task, whereas the interpolation of noD>ph3rsiologloal 
evidence has proven very dMcult, and the result leaves mudi to be desired as far 
as logical oi^anization is concerned. Nevertheless in preference to an annotated 
bibliography I have chosen to offer a complex and unavoidably incomplete 
survey of an important field of knowledge in the hope that presentation of the 
phyriolo^cal and psydiological data side by ride will emphasize the essential 
unity of the phenomena dealt with by different disciplines, and with the expecta- 
tion that the Sequent lacunae revealed by this method may call attention to the 
ui^^ent need for further research by investigatorB In many areas of science. 

Importance of the Holistic Approach. Physiological experiments designed to 
identify the nervous pathways involved in a particular genital reflex, or to meas- 
ure the importance of secretions from a single gland to the occurrence of copula- 
tory reactions have contributed a great deal to our understanding of sexual be- 
havior. It should be obvious, however, that the full significance of such finding s 
becomes appar^t only when they are viewed against the broader background of 
the total sesasl patt^ as it appears in the normal animal.^ 

Mating reactions are best interpreted as responses to internal and external 
stimuli, — and these responses are mediated by complex neuro-muscular mecha- 

' It has been shown, for example, that decorticate female rats are capable of fertile 
copulation with the male (44) , and this ol^ervation taken alone mi{^t be thought to signify 
that the loss of neo-cortes is without effect upon the female’s sexual reactions; but subse- 
quent inyeetigation revealed that after destiuotion cd the neo-pallium the mating pattern 
is modified so profoundly that males discriminate gainst operated individuals and will 
mate with them only when nonnal females are not available (45). 
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niama whose functional capacity depends upon genetically-determined structure, 
upon concurrent activity in other nervous circuits, upon the composition and 
concentration of hormones present in the organism, and in varying degree upon 
the previous experience of the individual. None of these contributiug factors 
operates in isolation, and the functions of one cannot be considered save in terms 
of its interrelations with all other variables involved. 

Functions of the nervous system in sexual behavior. For purposes of 
analj^ the r61e of the nervous S 3 rstem in sexual behavior may be considered as 
divisible into receptor and effector functions. In connection with both cate- 
gories one must include the task of integrating separate units into a complete 
pattern. Thus, both the peripheral reception of separate stimuli and the central 
correlation of multi-sensory impulse belong under the same rubric; and motor 
functions are assumed to include not only the mediation of separate genital and 
postural reflexes, but the organization of these individual reactions into a unifled 
pattern of response. 

A. Sensory Functions. 1. EvolvUonary importance. Identification of the 
sensory basis for sexual arousal is a matter of prime importance not only to the 
physiologist and the psychologist but to the student of evolution as well; and the 
concept of “sexual isolation” is one which systematists and geneticists And very 
useful in explaining the continued separation of closely related and inter-fertile 
sympatric species. 

Sometimes referred to as “psycholo^cal isolation,” this condition is defined as 
“absence of mating due to lack of mutual attraction” (08). “Sexual isolating 
mechanisms” are believed to include differences in behavior, in smells and in 
adornments which make males and females of different species less apt to find 
each other or less attractive and thus less willing to court and mate (99, 209). 

Thus the problem of defining the stimuli responsible for sexual behavior is at 
the same time one of determining the basis for “species recognition” which is a 
governing force in evolutionary change. 

2. Inadequacy of simplified concepts. Before one can appreciate the signifi- 
cance of experiments deoplmg with ihe functions of sensation in sexual behavior 
it is necessary to recognize the madequacies of one particular line of thou^t 
which for many years tended to dominate research in this field and to obscure 
the true nature of the phenomena concerned. Over-simphfied concepts of the 
neuro-physiological processes underlying sexual arousal, and naive interpreta- 
tions mating behavior as a sequence of concatenated reflexes early led to a 
search for the sUmvlus which set off the hypothesized chain reaction. 

Presently available evidence permits the categorical statement that there is 
no sin^ form of stimulation which can be regarded as the sine gzm non for sexual 
arousal and copulatory reactions in male or female mammals (40). On the con- 
trary, activatiaa of several sensory systems normally contribute to the occurrence 
of the behavior in question and any single afferent pathway is dispensable pro- 
vided the rest remain. From the psychological point of view it appears that the 
stimulus which initiates tnating is not a rin^e characteristic, but a pattern with 
certain characteristics of organization (187). 
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It is possible to go further and i>oint out that even in the case of such rratricted 
and incomplete segments of the total pattern as erection in the male or assump> 
tion of the copulatory crouch by the female the problem of sensory control is not 
a simple one; for almost every such reaction appears subject to alternative and 
supplementary forms of effective stimulation. 

3. Importance of individual differeneee. It should be stated explicitly that 
investigation of the sensory control of sexual arousal involve problems of a 
bi^er order than those presented by the identification of stimuli adequate to 
elicit the separate muscular and glandular reactions involved in copulation. 
Definition of the stimuli evoking ejaculation is an important step toward the 
complete understanding of sexucd activity; but exposition of the forms of stimu- 
lation responsible for pre-coital courtship and subsequent copulatory reactions 
is a much more complex affair which is likely to succeed only if approached with 
full recognition of the sources of variabilily capable of affecting the experimental 
results. 

To illustrate, — ^male dogs and cats display erection in response to manipulation 
or electrical stimulation of the penis. This reaction can be evoked repeatedly 
and there seems to be little individual or temporal variability in the stimulus- 
response relationships involved. In contirast there are great differences between 
individual males or between the reactions of the same male at different times in 
respect to the ease and rapidity with which courtship and copulatory reactions 
can be induced. 

Even when the conditions of external stimulation are held as nearly optimal 
and constant as p<»^le the facility with which mating reactions are called forth 
differs markedly among male rats (4, 41), rabbits (196), guinea pigs (218), cats 
(reviewer’s observation), sheep (211), pigs (144), rhesus monkeys (176), 
chimpanzees (55, 105, 326) and, I suspect, every other mammalian species. 
Individual difference in sexual responsiveness appear in male rats which have 
been reared in isolation (41), and are so extreme that a few obviously healthy and 
fertile males never attempt to mate with the receptive female (4). Variations 
in sexual excitability occur in boars d^ite a normal hormone balance (144), 
and wide individual differences are seen in male rats castrated at birth (50). 

Differences in the ease with which initial arousal occiurs are an important factor 
in any investigation of sensory function in sexual behavior, for they determine in 
part the quantity and quality of external stimulation necessary to evoke copula- 
tion. Although the majority of sexually-ineoqjerienced male rats attempt to 
mate only when stimulated by a female in full estrus, a few hi^y excitable in- 
dividuals which have been reared in isolation execute copulatory attempts when 
presented with non-receptive females or young males (41). Most malo baboons 
actively court only those females in which the sex akin is swollen, but some 
repeatedly mount non-estrous females (335) ; and in like fashion some rrmiA chim- 
panzees try to mate with any female at any stage of her sex cycle, while other 
m ales wiH copulate only at the hei^t of the female’s genita l swelling and may 
even di^y a strong preference for individual females (106, 826). In geheral 
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it appears that, other factors being equal, ^^the specificity of the stimulus ade- 
quate to elicit mating responses varies inversely with the sexual excitability of 
tile individual” (40). 

Althou^ presently available evidence would appear to surest that the magni- 
tude of individual differences in sexual resp(maiv6nes8is much greater in male than 
in female TnaniTnalB, there are several indications that female differ one from an- 
other in the ease with which copulatory reactions may be evoked. Some female 
rats in heat display lordosiB each time they are mounted by the male, whereas 
other estrous females do not exhibit this reaction every time they are stimulated 
but do so in response to a constant and predictable proportion of the male’s 
copulatory attempts (45). Similarly, ewes in full estrus tiiow individual dif- 
ferences in willingness to stand for the ram and in readiness to take the initiative 
incoiniitiup (211). 

Individual differences in sexual excitability among male fl.mmH.lH not only affect 
the initiation of copulatory behavior, but may be seen to influence the amount of 
stimulation necessary for ejaculation. Some male rats reach the peak of excite- 
ment essential to ejaculation after only two or three intromissions, whereas other 
males of the same strain do not attain this level of arousal until intromisaion has 
occurred fifteen or twenty times (36, 314). It is especially significant to note 
that in repeated sex tests the frequency of copulation m a given period and the 
number of intromissions preceding ejaculation are relatively constant for in- 
dividual male rats as shown by the high reliability coefficients reported by differ- 
ent investigators (4, 31). Observations of copulatory behavior in the rhesus 
monkey have revealed that the number of mounts preceding intromission may 
vary from three to one hundred depending upon the ''virility” of the individual 
male (75). 

It seems probable that variations in sexual excitability are responsible in large 
measure for marked differences in the general character of the sexual approach 
shownby different males, particularly those of the higher primate species. Some 
male chimpanzees react to the female very abruptly, indulging in little or no 
foreplay and copulating vigorously or even violently, whereas other males practice 
a great deal of pre-coital stimulation, treat the female gently and copulate only 
after considerable preparation (55). 

4. Fvnetiom of nonrconlact aUmulation. a. In the fmde. The hinited ex- 
perimental evidence mi^t lead one to believo that mating behavior of female 
mammals normally takes place without the intervention of visual, auditory or 
olfactory sensations; for removal of the eyes and the olfactory bulbs and de- 
struction of the cochlea fails to aboli^ copulatory responses in the female cat 
(23) or rabbit (65). Actually, of course, these findings mean merdy tiiat when 
such drastically desensitized females are mounted by the male they respond to 
the resultant contact stimuli with appropriate postural adjustments facilitating 
intromission. 

The complete sexual pattom of ^tarous females of most TnaTTunalian spedes 
includes active orientation to the distant male, andif the male is slow to respond 
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the female may initiate courtship. For example, the onset of estms in the heifer 
is dgnaUii^d by her tendency to seek out and stand beside the bull (la), and 
female rats in heat display an increased drive to cross an electrified grid inter- 
posed between them and the male (313). If the male fox is not suJSicientiy 
aggresive the eatrous vixen begins courtship play (108). Although the non- 
receptive female rhesus usually avoids contact with the male, when in heat she 
repeatedly approaches him, displa 3 dng a characteristic stance and stereotj^ped 
gestures (76). Female chimpanzees at the height of genital swelling may 
exhibit the sexual presentation and by various gestures and vocalizationfl invite 
the male to copulate (326).^ 

Reactions such as these obviously depend upon distance reception of one type 
or another, and althou^ supporting exp^imental evidence is lacking it seems 
highly probable that the behavior described would be lacking in females which 
were blind, deaf and anosmic. 

b. In the male. Although female mammals generally show an increased tend- 
ency to associate with males diiring the breeding period and may even instigate 
courtship when the masculine partner is slow to respond, it is commonly the male 
who plays the more aggressive and dominant rdle in the mating relationship. 
Even when the female begins the foreplay, initiative eventually must shift to 
the male if copulation and fertilization are to be accomplished, and it may be 
for this reason that distance receptors play a more fundamental part in the 
sexual functions of male than of female mammals. 

The male animal’s ability to detect the female's readiness to mate varies from 
species to species, from individual to individual, and even from time to time in 
the same individual. In the case of some sub-mammalian formB, such as certain 
amphibia, there is little indicaticm that males can disciiinmate between receptive 
and non-receptive females, and sex recognition seems to be largely a matter of 
trial-and-error (228). Even male mammals which ordinarily are capable of 
discnminating between the estrous female and other animals may foil to respond 
selectively when highly aroused. Thus male rats (289) and guinea pigs (270) 
excited by recent contact with the receptive female often attempt to mate with 
other males or with diestrous female; and buck rabbits abruptly separated from 
the estrous doe mount and ejaculate in response to a dummy female (103) 
or even the hand of the esqperimenter (196). Under similar conditions male 
dogs mount mal^ or the non-receptive bitch (129) , and male rhesus monkeys may 
mount other males, sometimes with anal penetration (76). 

De^ite occasional absence of discrimination there is ample proof that prior to 
physical contact males of many mammaJian species respond differentially to 
other males, non-receptive females and females in heat. Male rats in revolving 
cages become more active if cages containing estrous females are placed nearby 

* la the majority of human oultures open sexual solioitatioa by uomarried females is 
socially forbidden; but in some primitive tribes which constitute exceptions to rule 
the female’s invitation takes the fonn of direct exposure of the ganitafs (122), a reaction 
strongly reminisosnt of the sexual presentation shown by females of other anthropoid 
speoieB and of many lower piimatee as well. 
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(45 cm. or less) (269) The male chimpanzee plainly recognizes when the fe> 
male in an adjacent cage is sexually receptive, as his prompt erection and in- 
vitational gestures amply convey. Observation su^ests that in this case the 
effective sensory cues are the female’s gross movements, gestures, facial eiqpres- 
sion, and the condition of her external genitalia (326). 

Besults of e3q)erimental studies suggest that in male lagomorphs and rodents 
several distance receptors probably contribute to sexual arousal and to the orien- 
tation of mating activity. Removal of the eyes or the olfactory bulbs does not 
eradicate copulatory behavior in sexually experienced male rabbits (65, 262, 
290) or rats (41, 286, 287) ; but either operation performed prior to the acquisition 
of mating experience reduces the probability of copulation in male rats (41). 
The finding that blindness or anosmia tends to increase the proportion of rats 
which fail to copulate has been interpreted as evidence of lowered sexual re- 
sponsiveness consequent to the reduced sensory intake (40). 

The importance of olfactory stimulation to sexual activity of male 
has been greatly exaggerated by some workers. It has, for example,beenolaiined 
that male rats isolated for six months from the odor of females suffer testicular 
atrophy and complete loss of sex drive, and that such animals are restored to 
physiological normality when females are placed in nearby cages (278). Repe- 
tition of the origmal experiments with adequate controls and careful study both 
of behavior and histolospcfd condition of the gonads and accessories has shown 
that none of the reported changes take place in males isolated for eleven months 
(239). Similarly the arrested genital development and reproductive failure 
which is reported to follow removal of the olfactory bulbs in young male guinea 
pigs (199) inrobably is due, not to the loss of olfactory sensation, but to the 
severe brain infection which often follows this operation. 

Laboratory findings concerzung lower mammalian forms appear to minimize 
the functions of olfactory stimulation in the male’s sexual arousal, whereas 
observational evidence has led commercial animal breeders and field naturalists 
to conclude that the odor of the female in heat is a potent force attracting and 
exsnting the male. The validity of this conclusion has not yet been experiment- 
ally established but it seems probable that sensations of smell do contribute 
materially to the processes under consideration, although they are not, in all 
likelihood, the sole source of sexual stimulation in any species. 

When tiiey are in estrus the females of several mammalian species including 
the house cat (214), African lion (88), horse and cow (248) uttw characteristic 
vocalizations, and it has been suggested that these “sex calls” stimulate males 
of the same i^des. Here again, althor^ the supporition could be tested ex- 
perimentally it has not been, and the only laboratory data available are those 

* Although these fiTiHinga origiiially were taken to indicate that the males sensed the 
presence of females in heat, the data are susceptible to an alternative iaterpietation. Fe- 
male rats exhibit a striking increase in activity at the time of estrus, and it is possible that 
inotease in the male's activity was simply a response to auditory and vibratory stimufi 
provided by the revdlutionB (tf the female’s cage. 
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indicating that partial destruction of the cochlea does not eliminate mating in 
the male rat (286, 287) or rabbit (66). 

Mating behavior survives combined elimination of visual and olfactory end- 
organs in the experienced mole rabbit (65) and rat (286, 287); but copulatory 
reactions rarely appear in male rats which are rendered blind and anosmic beforo 
contact with the receptive female (41). The fact that the combination of blind- 
ness and anosmia depresses sexual r^ponsiveness to a greater degree than does 
either type of sensory loss alone is taken as additional proof of the theory that 
both visual and olfactory stimuli normally contribute to sexual arousal (40). 

5. Fundions of corUact stimtdaiion, a. Extra-geniUd stimndaHon in the female. 
Various types of extra-genital contact elicit the copulatory posture and appear 
to increase sexual excitement in estrous female ma.TnnTnA.lH. Some female rats in 
heat exhibit hopping, ear-vibration and lordosis when the back and sides are 
stroked or palpated li^tly with the thumb and forefinger (16, 314). Stroking 
the rump of the citrous female guinea pig evokes opisthotonus and elevation of 
the perineum (329) , and mmllar reactions may be elicited in the sexually receptive 
golden hamster by stroking or pressing the small of the back (reviewer’s obs^a- 
tion). If one prases heavily upon the back and sld» of the sow in heat and 
simultaneously moves the tail to one ride, the female responds by lifting the tad 
and hind quarters, presenting the ^nitalia, and grunting as in copulation (3). 
Beceptive female cats can be induced to fljwimnft the mating position if the ex- 
perimenter grips the loose akm of the animal’s neck between his fingers and strokes 
or prMses downward upon her back (23). 

In each of the foregoing situations the inciting stimuli mimin those normally 
provided by the reactions of the sexually active male. Thus, prior to mounting 
the female, the male cat grips the skin of the back of her neck with his teeth, 
and the rraulting stimulation is partially responsible for the female’s assumption 
of the copulatory crouch, — a position essential to complete mating. A HiTnilar 
function should probably be referred to the comparable ma ting grip whirii is 
shown by males of several other spedes, including the short-tailed shrew (232), 
marten (204), mink (109) and bat (317). In some species such as the bat the 
male does not show penile erection imril after gripp ing the female. 

In the normal pattern of pre-coital play males of many mn.TnmMa,n species 
apply a variety of forms of tactual stimulalion to the receptive female. In 
most species the male bites or nibbles at many parts of the female’s body but 
an imate with prehensile forelimbs may employ the hand ^nd fingers as well as 
the mouth. The male monkey’s manual grooming of the female increases in 
frequency when she is in heat (76), and involves "stimulation of most of the maj or 
receptor zones” (176). 

Male animals of various species often bite or suck the female’s ear before or 
during coition, and although there is no phyriolo^cal evidence to prove that thte 
form of stimulation is sexually exciting to the female, her subsequent responses 
often su^jest that such is the case. In this connection it is significant to note 
that manipulation of the external ear produces contractions of the smooth muscles 
of the va^na in the estrous female cat (63). 
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The atiinulatoiy activity of the sexually aroused male sometime develops into 
active aggression with the result that the receptive female may suffer severe 
wounds. This is commonly observed in such widely separated forms as the 
marten (204) and the rhesus monkey (76). 

Many of the pre-coital and coital activities characteristic of other animals 
are also present in h uman behavior, and the high frequency of such common 
elements suggests the existence of a basic pattern underlying ihe sexual activities 
of all mammalian species. For example, althou^ no reliable eviden(» has 
been published to indicate the typ^ of sexual stimulation most frequently em- 
ployed in European cultures, it is well established that in many primitive tribes 
such as the Trobriand Islanders (201) and the Ainu and Toda of Eurasia (122), 
biting, scratching and hair pulling are common precursors and accompaDiments 
of intercourse. 

Despite the impressive degree of inter-species coincidence in many sexual 
responses it is obvious that specialization of morphological structures or nervous 
arrangements may give rise to particular forms of behavior which are restricted 
to the species so affected. It is well known, for instance, that in the human fe- 
male the breast is a particularly sensitive erotic zone, and manual and oral 
stimulation of this area is a prominent dement in the pre-copulatory pattern not 
only in European cultures but in other groups such as the Hop! of North America 
and the Lepcha of Eurasia (122). The ^love magic’' of certain Melanesian 
tribes involves surreptitious touching or caressing of the nipples of the woman 
whose favors are sou^t, — a custom based upon implicit recognition of tbe 
sexually-exciting powers of such stimulation (201). There is little evidence for 
this particular type of sexual stimulalion in lower mammals, although one 
worker, observing that femde rhesus monkeys in heat may manipulate and suck 
ihdr own nipples, has interpreted this as auto-erotic (76). 

b. Extrorgenital sHmvkiMcn in male. Male rats continue to copulate de- 
spite surgical interference with cutaneous sensitivity of the entire ventral body 
surface (286, 287), and transection of the sensory nerves serving the snout and 
lips docs not abolish mating activity in this species (41); but except for these 
reports there are very few data to indicate the importance of extra-genital sen- 
sations of touch and pressure to the occurrence of sexual arousal and coital 
behavior in mole animals. 

c. Oenital sensations in (he female. It was at one time a rather widdy accepted 
view that sensory impulses from one or another part of the reproductive syst^ 
are re^onsible for sexual arousal in female mammals; and one Bnds in the 
literature the statement that ^rous dbangee within the vagina are, ^’the real 
internal stimuli for sex behavior in the femde rat” (314), or that the 'female 
hormones are psychologically important where they increase the local irritability 
of the sex organs, and thereby bring increased drive for further stimulation” 
(159a). A less extreme view is represented by the suggestion that sensations 
arising from direct vaginal or cervical stimulation are essential to and responsible 
for the receptive female’s copulatory response. 

Several lines of evidence combine to indicate that ndther of these theories is 
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sufficient to account for the behavioral phenomena xmder coiifdderation. Normal 
estrous reactions occur in estrogen-treated female rats ■with congenital absence 
of ovaries, tubes, uterus and external va^na (48) and this would appear to negate 
the hypoffiesis that sensations from accessory sex structures are indispensable, 
inciting stimuli. 

The belief that stimulation of the va^na and cervix is essential is equally un- 
tenable. In the first place, females of various species occasionally erdubit char- 
acteristic heat responses prior to any phsrsioal contact with a second a n imal . 
Hi ghly receptive female rats may display hopping, ear-vibration and lordosis 
even thou^ the male does not appn^dh them (reviewer’s observations), and 
some estrous cats crouch and tread spontaneously in the absence of the male 
(24). Secondly, as was pointed out in the preceding section, the copulatoiy 
adjustments of the estrous female are often elicited by various types of bodily 
contact whidi do not involve genital stimulation (e.g., crouching and treading 
may be evoked in the female cat by gripping the Io(^ skin of the neck). 

Fmally, various experimental studies have ^own that elimination of sensa- 
tions from the genital region does not abolish mating behavior in the female. 
Removal of the uterus and va^na fails to eliminate copulation in the rat (11), 
and sexual reactions survive deafferentation of the entire genital region in the 
female rat (9) , rabbit (65), and cat (21). Characteristic mating responses appear 
in female mice (247) and rats (48) despite congenital abnormality which includes 
absence of an external vagina. 

Surgical removal of the tubes and uterus has even been reported to inarease 
sexual responsivenesB in approximately one-third of the women so operated (312), 
but this change may well be due at least in part to eradication of the fear of 
pregnaniy. 

Females of several species including the rabbit (66), cat (127), short-tailed 
shrew (232), mink and ferret (109) do not ovulate spontaneously, but usually do 
so only after copulation with the male. It has been assumed that in such cases 
mechanical stimulation of the vagina and cervix gives rise to nervous impulses 
which cause the hypophysis to release an “ovulation-inducing substance” which 
acts upon the ovary. It is, however, informative to note that when estrous 
female n^bits mount other females in masculine fashion ovulation is sametimes 
induced in the mounting individual, although under such conditions vaginal 
stimulation must certainly be minimal (158). Furthermore, female Tninlr and 
ferrets in heat may ovulate after a prolonged struggle with malft despite the 
fact that mating is not accamplished and intromission does not occur (109). 
It would appear that in species which do not ovulate Epontaneously ovulation is 
normaliy facilitated by the occurrence oi sexual arous^ and that intense excite- 
ment may call forth the ovarian response in total absence of primary genital con- 
tact. 

If it is accepted that impulses from the genitals are not essential to the baric 
coital performance of female Tna.TTtTn«.la it must be equally apparent that under 
normal conditions genital sensations pro'vide one very important source of in- 
creased sexual exoitemmxt. In many species the male manipulates the female’s 
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genitalia before coition; and among lower Tnammals such as the rat, guinea pig 
and golden hamster the male’s oral investigations of the vagmal orifice often 
evoke overt responses on the part of the receptive female. The estrous hamster, 
for example, elevates the perineum (247b) and moves the hind quarters con- 
vulsively from side to side in response to the male’s lingual exploration of the 
ano-genital region (reviewer’s observations). When the male porcupine noses 
the vulva of the female in heat she backs toward him vigorously, pushing actively 
against the source of stimulation (265a). The male eastern pkiink induces the 
receptive female to assume the copulatory pose by scratching at her vulva with 
his hind foot (315a). 

Species with prehensile forelimtffl usually employ manual as well as oral tedi- 
niques of genital stimulation. The pre-copulatory play of rhesus monkeys in- 
volves mutual genital manipulation whidi “generates obvious excitement” 
(175). The male chimpanzee’s manual and labial manipulations of the female’s 
clitoris caU forth erection and motility of this member, and female chimpanzees 
in heat have been observed to practice mutual cunnilinguis (55).^ 

Masturbation of the woman is common in the pre-coital play of various human 
tribes such as the Anunta of Oceana (122), and in certain sections of the Tro- 
biiand Islands both manual and oral forms of stimulation are characteristically 
employed (201). The effectiveness of such activity rests upon the innervation 
of the regions affected, and it is known that in the human female the clitoris 
and inner surface of the labia minora are richly supplied with sensory receptors 
for touch, although the vaginal entrance is relatively poor in sense endings of 
any type (63). 

Evidence for the importance of genital sensations in feminine sexual behavior 
is not entirely inferential. Althou^ rats surgically deprived of uterus and va- 
gina are capable of mating behavior, in consecutive copulations such individuals 
tsHpioally display a decrease in responsiveness to the male which is probably 
traceable to absence of genital stimulation (11). Normal estrous females of this 
species ore sometimes partially retistant at the begixming of a sex test but fre- 
quently display a marked increase in wiHingness to accept the male after one or 
two intromistions have occurred; and female cats which fail to crouch when grip- 
ped by the mole may do so after the penis comes in contact with the vagina (25). 
Some female rats in heat exhibit lorded when a pipette is inserted in the vagina 
(45), and comparable mechanical stimulation evokes crouching and treading in 
the receptive female cat (25). 

During ejaculation the male rat deposits a copulatory plug withia the vagina 
of the female, and the resultant stimulation causes a momentary relaxation of the 
cervix permitting passage of the sperm mass into the uterine cornua (57). The 
foregoing sequence of events is stroi^ly suggestive of orgasmic function occurring 
in the female in response to internal genital stimulation. 

d. OmiUd sensaiiom in the male. I^pite occational statements to the con- 

* Obseiwataons of this type are pertinent to an understanding of the biolo{pcal basis for 
various human sex practices and oast considerable doubt upon a priori definitions of ^'nor- 
mal” and “abnormal” forms of genital stimulation (28, 244). 
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trary ( 4 ^) sensoiy impulses from the penis do not appear to be indispensable to 
sexual arousal bemuse male cats seize the female, display erection and copulate 
vigorously despite surgical anestheti^laon of the entixe genital region (255); 
and male rats continue to shmv sexual excitement after surgical procedures have 
rendered intromission impossible (50).' 

Nevertheless it is obvious that genital sensations constitute an important ele- 
ment in the stunulus pattern responsible for complete sexual arousal and copula- 
toiy reactiouB in males. Female chimpanzees may induce erection in the male 
by handling the flaccid penis (55) ; and the male dog displays erection and ejacu- 
lation in response to genital manipulation (23). In the absence of normal genital 
stimulation overt sexual behavior may be profound]^ modified. For example, 
adult male rats with infantile penes exdiibit a high proportion of incomplete 
matings, relalively few intromissions and extremely rare ejaculatory responses; 
and Himilftr behavior is seen in males wiih fuUy developed copulatory oigans from 
which a segooent of the penile bone has been removed (50). 

The importance of direct genital stimulation to complete sexual performance 
in humans of either sex undoubtedly is subject to considerable individual varia- 
tion; and there is in addition some indication of the existence of racial, or at least 
cultural, differences in this regard. Mdanesian natives are reported to achieve 
orgasm only after protracted copulatoiy contact involving much more genital 
friction than is necessary for dimax in white Europeans (201); and results of a 
current interview study indicate that male American negroes from low sodo- 
eduoational strata are much slower than whites in attaining orgasm. However, 
n^roes of high social status (as measured by educatioD, etc.) are closely com- 
parable to whites in terms of ejaculation time (176). 

e. OeniUd sensatuma as a poteniud source of copidaiory movements during sleep 
in lower forms and erotic dreams in humans. Genital reflexes sometimes occur 
in the apparent absence of any external stimulation. For example, full erection 
is sometimes seen in male bats during their hibernation (317) and in breeding 
season male short-tailed shrews often show erection during sleep. 

In the case of the shrew vaso-dilation of the copulatory argm is sometimes 
accompanied by additional elements of the coital pattern as indicated in the fol- 
lowing quotation. ‘*These [erections] occur while the animal is lying asleep on its 
side or back, f^rst, the penis becomes erect; then the animal s^ restlessly and 

there are twitching movements of the hind legs After several seconds a 

number of minor thrusts are made, followed by one vigorous, deep thrust which 
is accompanied by rej)eated extension d the bind limbs as m actual copulation” 
(232). This patt^nmy be repeated two or three times before the animal awakes 
and several such episode can occur within half an hour. These observations 
suggest the interesting thesis that under such conditions sensory impulses prigi- 
nating in the erect penis set off a train of neiuro-muscular events reflected in the 
execution of most of the major elements in the normal Tn a tiT> g pattern. 

* Equally unsatusfactory are theories deaignatang sensory impulsee from other parte of 
the reproductive system ae initiating oauses. Thus copulation oontinuee in rate after 

removal of the vae {12), the seminal veeiclee (66), or even the testes providing androgen 
is administered (286). 
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The resemblance between such behavior in lower Tna-Tninall B and the nocturnal 
emissioiis common in a hi^ percentage of hiunans* is obvious, and althoi^ cru- 
cial evidence is lacking it may be sugs^ted that the erotic dreams which some- 
times accompany genital activity during sleep are initiated or at least reinforced 
by sensory impulses from the erect penis or clitoris. 

6. Central nervous ejects of peripheral stlmtilaiion. Consideralaon of the 
observational and 63q)erimental evidence indicating that arousal and intensifica- 
tion of sexual excitement normally involves several types of sensory stimulatian 
has led to theoretical analsyis of the more central neuro-physiolo^oal process^ 
concerned (41). It has been suggested that effector mechanisms respon^le for 
integration of the motor acts of courtdup and ccntus not only receive fibers from 
the several receptor systems, but may also be subject to facilitative impulse 
arising within a functionally related but structurally independent “central ex- 
citatory me chanism ” (40). The c.e.m. is assumed to maintain the excitability 
of the executive centers by distant facilitation; and this part of the central nerv- 
ous system is regarded as the most likely substrate for the effects of multi- 
sensory or repetitive peripheral stimulation. 

Thus it seems probable that, by virtue of spatial summation, sunultaneous 
stimulatian qf several sensoiy receptors may evoke a response within the c.e.m. 
in much the some fashion as the concurrent arrival of two subliminal impulses 
over different afferents elicits dischoi^ of a reflex center. Furthermore, suc- 
cessive combination may occur within the c.e.m. as a result of successive applica- 
tions of a sub-thre^old stimuluB to a sin^e effector (128). 

B. Effector Functions. As escplamed at an earlier i>omt in this review, the 
effector or motor functions of the nervous S3rBtem in sexual behavior are taken to 
inolude both the mediation of the separate rraponsra involved in courtship and 
copulation and the integration of tb^ individual reactionB into a weU-organiiz^, 
biologically effective pattern. Most writers agree that the two functions prob- 
ably arc carried out by different nervous mechanisms (187, 213, 265, 331). 

1. Fundamental elements of the coital pattern. The complete mating pattern 
is a complex affair including pnflimmary orientation to the partner, execution of 
postural adjustments appropriate to coition, and occurrence of the essential 
genital reflexes. 

a. Sub-^primaio species. Tho baaio odtal reactiozis ore approximately the same 
in all Bub-piimate species (247a) . The female’s fundamental copulatoxy response 
consists of flattening or depr^sing the back with consequent devation. and ex- 
posure of the perineum, and in those species where it is necessary the tail is 
moved laterally. Primary elements in the male’s performance include mounting 
the female from the rear with the forelegs resting on her hack or gripping her 
sides, execution of piston-like thrusts of the hmd quarters and insertion of the 
erect penis. During coition most male rodents palpate the female’s sides with 
the forelegs. Bx some species, such as the oat and dog intromisalon normally 
occurs but once, and is prolonged until ejaculation takes place. In other species 
the male may mount, achieve intromission and dismount several tim^ before, 
on a final copulation, ejaoulntion occurs. 

* Beported by 75 per cent of 201 adoleeoent boys (246) . 
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From timfi to time there appear in the literature reports of apparent exceptions 
to this generalized pattern of copulation in lower mammals, and it is am us i ng to 
note the consistent anthropocentrism with which observers describe ventro- 
ventro mating in various species. None of the published accounts bears careful 
scrutiny, and inaccurate observation or incorrect identification of the behavior 
observed usually is sufficient to explain the error. For example, reports of 
ventro-ventro mating in the sea otter seem questionable in view of the fact that 
the antmalfl under observation were a considerable distance away and were 
partially submerged at all times (223). Or again, in one study drawings pur- 
porting to reprraent ventro-ventro mating in the hamster are in actuality il- 
lustrations of fitting bdbiavior (234). For obvious reasons it is often assumed 
that porcupines are incapable of matii^ in the manner characteristic of most 
quadrupeds, and in fact some naturalists have described the copulation of this 
species as occurring while male mid female stand facing each other. However, 
careful observation of tame specimens reveals that although pre-copulatory 
courtship often include some sparring or wrestling when the pair stand erect 
(266b), intromission is anatomically impossible in this position. When the 
actual mating takes place the male approaches the female from the rear, resting 
his forepaws upon the ventral surface of her tail (which is curved upward and 
over her back), and the female elevates her perineum to expose the genitalia 
(265a, 300). The european hedgehog copulates in essentially the same fashion 
(164a). 

The statement that the fundamental responses involved in the copulation of 
lower mammals appear in relatively stereotyped form ^ould be qualified by the 
admission that considerable variability is possible,^ and under experimental con- 
ditions individual animals may show a surpiismg degree of adaptability in their 
coital reactions. Although they cannot mate in completely normal fashion 
bipedal male and female rats from which the front legs have been removed in 
infancy are capable of fertile copulation with normal individualB of the opposite 
sex (242). 

b. Prifnates, The copulatory pattern cmmnon to most sub-human primates 
resemble in many respects that of the lower mammals, although differences in 
body form are of course reflected in behavior. In coition the receptive female 
rhesus monkey bends forward at the hips, lowering the head and shoulders and 
presenting the gemtitiia; while the male rasts his hands upon the female’s hips 
and grips her hind legs with his feet. Two to ei^t pelvic thrusts occur in a 
single mtromission and several mountings usually are necessary before ejaculation 
occurs (75). 

The copulatory pattern charaoteristic of the adult chimpanzee is closely pimila r 
to that of lower primates, but detailed descriptions of pre-puberal sex play in this 
anthropoid Epecies include repeated observatiaos of the ooounence of ventro- 
ventro coition. This variant of the pattern usually begms when the tnalA griH 

* Under certain conditions the male may attempt to mount the female from almost any 
anc^e, and highly exated male rats aronaed by previous copulations with an eertrous female 
may clasp and palpate a non-receptive female even while is lying on her back in a de- 
fensive position, a reaction which the naive observer might miatah ie for true copulation. 
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female are seated embracing each otiber in a face-to-faoe position. The female 
leans backward drawing the male aver her, her legs enoircliog his back. The 
male’s feet are fiat on the fioor, and his upper legs embrace the female’s pelvis, 
hips and thighs. Pelvic movements foUow and intromission occurs in some in- 
stances (65).* 

2. Effector mechanisms in the spinal cord. a. In the female. Evidence to be 
reported immediately below concerning the spinal integration of genital reflexes 
in male animals makes it appear probable that the female’s clitoral reactions are 
mediated by neural circuits in the cord. There is no direct experimental evidence 
to support this hypothesis but it would seem to be in harmony with the fact that 
these simple genital responses appear very early in the post-natal life of female 
anthropoids. Thus, erection of the clitoris occurs in the female chimpanaee 
within the first few days after birth (55), and is present as early in the female 
human infant (208) . Certain clinical ol»mwationB also surest the possibility of 
“partial orgasm” in the infant human, for it is reported that manipulation of the 
turgescent chtoris is followed by “unmistakable relief from tension and r^ess- 
ness” (208). 

Despite occasional contradictory reports it is fairly well established that 
neural elements within the spinal cord are capable of supporting many of the 
basic responses which constitute the adult female’s copulatory pattmn. Al- 
though female guinea pigs in which the cord is sectioned at any point between 
T6 and L2 are reported to show no estrous behavior (04), the bitch exhibits 
normal ^trous and mating despite complete lumbar sectian (136); and female 
cats with the cord transected at Cl display treading, opisthotonus and lateral 
deviation of the tail m response to stimulation of the perineum. Some investi- 
gators have reported that the spinal cat shows this behavior only during natural 
estrus or under the influence of injected estrogen, and these workers conclude 
that the responses in question are short-arc reflexes whidb in the intact animal 
are phasically integrated by higher centers (197, 198). 

There is some dispute regarding the genmneness of the estrogenic effect in this 
instance, and other writers claim that chronic spinal cats exhibit no “estrous” 
reactions (24). There is no attempt to deny the appearance of the responses 
described above, but it is stated that lateral deviation of the tail is shown by males 
as well as females, that treading and opisthotonus may be elicited in the anestrous 

* ... 

* It is of gejieral interest to compare coital performance m the ape with ethnoloipoal 

descriptions of the copulatory techniques employed in various human cultures. In a few 
tribes the position most commonly adopted during intercourse resembles oloeely that of 
the other anthropoids, the male approaching the stooping female from the rear (122) . More 
wide spread is a variation of the ventro-ventro position comparable to the foregoing de- 
scription of prepuberal copulation in the chimpanzee. For instance, copulation as prac- 
ticed by all tribes among the Australian Aborigines of the North-West-Central Queens l and 
district has been described as follows: **The female lies on her back on the ground, while 
the male . . . aits on his heels dose in front: he now pulls her towards him and raising her 
buttocks drags them into the inner aspects of bis own thighs, her legs clutching him around 
the jSanks ...” (256) . This general pattern of coitus is said to be the commoo form in most 
primitive sooietiee, whereas the ventro-vontro position emplc^ed in many European 
cultures is regarded by primitives as less effective and even ^‘abnormal” (122). 
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female, and that since they are not dependent upon estrogen such reactions can- 
not be termed "estrual” (24). 

At this point in our survey we need not be concerned with the presence or 
absence of hormonal effects and it is sufficient to note that treading, opisthotonus 
and tail deviation, which are components of the normal feminine coital pattern, 
survive in the spinal prejMiration. 

Female cats decerebrated at the pontile level respond to mechanical stimulation 
of the vulva with collapse of extensor rigidity of the forelimbs, and the resem- 
blance of the resulting posture to the sex crouch has suggested to some observers 
the existence of a primitive bulbo^inal mechanism mediating this element in 
the female’s copulatoiy pattern (23). 

b. In Ihe nude. That certain elemmts of the male mammal’s oopulatory 
pattern con be mediated by spinal mechanisms is ^own by the elicitation of 
sexual responses upon stimulation of the cord, and by the survival of such re- 
actions after cord section. 

Application of a low voltage current to the sacral region of the cord evolses 
erection and ejaculation in male rabbits and rats (101), cats (264) and dogs (62), 
and trauma attendant upon cord section elicits the same responses in mala guin^ 
pigs (172). In guinea pigs transection between T12 and LI is followed within 
one to seven minutes by “rhythmic movements of the ano-genital region,”* 
erection and ejaculation (8). The common appearance of priapism in hanged 
c rim i n a ls (128) is probably attributable to traumatic stimulation of similar 
spinal meohamsma. 

Evidence for survival of certain elemmits in the masculine sexual pattern in 
chronic spinal animals is to be found in t!m reports of several investigators. The 
spinal male oat exhibits erection when placed in a prone position which brings 
the genitals into contact with the substratum (102). Following supra-lumbar 
transection male dogs show erection and ejaculation in response to genital 
manipulation (23), and these reactions con idso be elicited in male humans sur- 
viving the same operation (24). 

Sexual activities integrated within the cord are not limited to ge nital responses, 
for certain gross postural adjustments characteristic of copulation may also be 
mediated at this level. After lumbar section male dogs respond to genii^ manip- 
ulation with a series of reactions that have much in common with the normal 
oopulatory pattern. These include Iffiateral extension at the knees, anlrlAfl and 
hip jdmts, depression of the tail and downward curving of the pelvic portions of 
the body (261). Masturbatoiy stimulation of spinal man evdkee a compextite 
response (of which of’course the patient is quite unaware) which is so obviously 
similar to oopulatory activity that it has been termed the “coitri reflex” (261a). 

DesQnptioDs of the survival of isolated sexual responses in spinal prepamtions 
should not be allowed to obscure the fact that th^ reactions are disconnected 
fragments of a complete pattern, and that in the intact animal the functional 

* Although not speoifioally described, these movements aw suggestive of oopulatory 
thrusts. 
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activity of the spinal mechanisms undoubtedly is subject to extensive naodih- 
cation by impulses from higher regions of the nervous system.^*’ 

3. Effector mechanime in the eympaiheHe sysiem. Complete abdominal i^yxn- 
pathectomy does not prevent fertile mating in the female rabbit (65), rat (0) or 
cat (21) ; but sympathetic innervation appears to be heavily involved in at least 
one primary element of the male's copulatory pattern, namely, the ejaculatory 
response. 

Male guinea pigs subjected to abdominal sympathectomy or to section of the 
hypogastric nerves respond to subsequent transection of the spiniJ cord with the 
display of erection, but ejaculation does not occur (8). In this same species 
electrical stimulation of the sympathetic pre- or post-gan^omc fibers serving 
the genital region evokes ejaculation without erection (8); and in the male cat 
stimulation of the internal pudendal nerves elicits the ejaculatory reflex (264). 

Failure of ejaculation due to interference with the sympathetic supply to the 
genitalia produces marked abnormalities in the copulatory bdiavior of male 
animals. Guinea pigs suffering sympathetic denervation of the genitals copulate 
repeatedly but do not ejaculate (10); and after the Shme operation male rabbits 
mate vigorously, but the responses acemnpanying ejaculation (utterance of a 
characteristic cry and falling off the female) are lacking (306). In the rabbit 
inability to ejaculate is reflected in persistent copulatory acts which continue 
unabated until both the male and female are totally exhausted (8). In the case 
of the male rat abdominal sympathectomy eliminates ejaculation (306) but does 
not aboli^ copulation; and sympathectomized rats have boon described as ''in- 
fertile” (8) or “impotent” (172) althou^ the latter term is of questionable 
applicability inasmuch as active copulation survives. 

Male cats in which the lower two lumbar segments and all of the sacral cord 
have been removed seize the estrous female, exhibit oreotion and copulate nor- 
mally. However, if the operation indudes extirpation of the abdominal sym- 
pathetic chains or removal of the inferior mesenteric ganc^, penile erection does 
not occur althou^ the male still grips the female and attempts to copulate (255). 

4. Effector mochardsms in the dien^xph/d^ a. In the female. Nervous mech- 
anisms lying within tho dienccphalon ccmtiibuto to integration of the separate 
responses which comprise the copulatory pattern of female rodents, lagomorphs 
and carnivores. Kesults of several operative experiments indicate that in the 
case of the female guinea pig and rat the most important neural circuits are to 
be found within a restricted region of the hypothalamus. Mating behavior per^ 
sists in both species despite transection of tho brain just anterior to the mam- 
millaiy bodies, but is eliminated by section posterior to the mammillary bodies 
and anterior to the superior oolHoulus (94). According to other workers the 

^ Direct physiologioal evidence for functional interrelationsbips between spinal and 
supra-spinal meehajusma is seen in the report that penile erection is difficult to elicit in 
the decerebrate male oat (23). Fnrthermore, in the intact male dog erection or detumes- 
cence can be conditioned like any other reflex, and the appropriate genital responm can 
subsequently be evoked by application of the conditioned stimulus, e.g., the sound of a 
beU (207). 
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guinea pig’s receptive responses ciepend upon only the most ventral portions 
of the anterior hypothalamus, and the mesencephalic tegmentum or the region 
of the mammillary bodies is not involved (117). 

Destruction of the caudal h 3 rpothalamus is reported to have no effect upon 
mating in the female cat, whereas extensive invasion of the anterior hypothala- 
mus eliminates estrous behavior in some females and fails to do so in others (24). 
In this case no essential mechanism is indicated, but these results suggest that 
certain t 3 rpes of hypothalamic injury may reduce the female’s tendency to dis- 
play mating reactions. 

Although lesions interrupting the optico-hypophyseal tract are reported to 
eliminate estrus and copulation in the female cat (117), the behavioral change 
probably reflects interference with secretory function of the pituitary (with 
consequent ovarian failure and disruption of gonadal hormone production) 
rather than destruction of any critical executive centers. Descriptions of amen- 
orrhea and loss of libido following injury to the floor of the third ventricle in the 
human female (301) are perhaps susceptible to similar interpretation. 

b. In the male. In view of the apparent importance of this brain region to the 
mating activities of female mammals it is unfortunate that few experiments have 
dealt with the effect of diencephalic injury upon sexual behavior in the male. 
The single report available states that damage to the medial half of the hypo- 
thalamus tends to ‘‘depress” sexual behavior in male rats, although the general 
area apparently includes no structure essential for the integration of the copu- 
latory pattern (78). 

It has been observed that mjury to the floor of the third ventricle may abolish 
sexual d^re and x>oteacy in the human male (301), and a study of thirty-three 
men with head injuries in which the diencephalon was the focus of damage re- 
vealed complete or partial loss of sexuni desire in the majority of cases (285). 
However, evaluation of such reports is especially diflScult in view of the possi- 
bility of direct or indirect interfei'ence ■with pituitary function, -with resultant 
degeneration of the reproductive glands and consequent elimination of testicular 
hormone. 

5. Effedor medumiama in the forebrain, a. In female rodents, lagomorptis ami 
carnivores. Observations to the effect that copulatory responses may survive in 
female mammals despite complete tramsection of the brain at the level of the 
anterior hypothalamus indicate that more rostral poi’ts of the brain ore not 
essential to such reactions, and r^ults of various experiments confirm this view. 

Injury to or complete removal of the cerebral cortex, hippocampus, and the 
caudate-putamen complex does not abolish coital acti'vity in the female guinea 
pig (94), rabbit (65), rat (92) or cat (22). There is in fact some indication that 
neo-GOrtical injury may increase the frequency of certaia m ating reactions. Com- 
pletely decorticated female rats exhibit an increased tendency to awnimpi the 
copulatory position, display ear-vibration more frequently and show a decrease 
in the frequency of the back-kicking r^ponse by which 'the intact famalft occa- 
sionally repulses the male (45). Bilatei^ ■temporal lobectomy in female rhesus 
monkeys is followed by increased willingness to receive the mn.lA gnd , by b night - 
ened frequency of masturbation (177). 
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Evidence for the survival of certain estrous rea.cti6ns in p>artially or completely 
decorticated females should not be taken to mean that the mating behavior of 
the intact animal occurs independently of activity within the nco-pallium, for 
it is clear that the cortex normally pla 3 ^ an important part in the mediation of 
feminine receptivity. One clement in the female rat’s TTiftting pattern consists 
of a tendency to seek out the male and to orient her pre-copulatory heat responses 
toward him (313) . The decorticate female of this species shows frequent estrous 
reactions but exhibits no tendency to direct such behavior toward the male. 
Furthermore, although all elements of the normal copulatory pattern may sur- 
vive total loss of the neo-pallium, the timing or integration of the separate re- 
sponses usually is disrupted (45). 

b. In male rodents and lagomorpha. There are no published reports to in- 
dicate the effects of exclusively non-cortical forebrain injury upon mating ac- 
tivity in male animals, for all inv^tigations have dealt with the results of de- 
cerebration or with the effects of lesions restricted to the neo-cortex.“ 

It is known that grossly normal copulatory reactions survive in male rabbits 
despite removal of all neo-cortical tissue (65), although no quantitative data 
have been presented to indicate posedble changes in sexual responsiveness after 
this operation. Mating reactions are also reported to have been shown by four 
of ei^t decorticate male rats (92), but in an earlier publication I have qu^rtaoned 
the validity of these conclusions on the basis of the author’s failure to reconstruct 
cortical lesions (w^hich were probably much smaller than estimated) and because 
no direct observations of mating behavior were conducted (31). 

More systematic studies of pro- and pcet-operative sexual behavior in cortically 
injured male rats have revealed several significant facts. Lesions d^troying no 
moro than 20 per cent of the cerebral cortex do not eliminate mating behavior 
regardless of the region or regions involved (31) . Such findings are in opposition 
to earlier proposals concerning the existence of a focalized “sex center” in the 
coitcx (77). 

Destruction of 20 to 50 per cent of the cortex may or may not efiminate copu- 
latory behavior (184, 292). Individual differences are pronounced, but if lecdon 
size is held constant within these lunits, coital activity tends to survive m maJes 
which were sexually very vigorous before operation and to be eliminated in those 
animals which showed a low pre-operative sex drive (46). As the amount of 
neo-cortical destruction mcreasos above approximately 20 per cent there occurs a 
progressivo decrease in the proportion of males continuing to copulate; and when 
tho extent of bilateral invasion exceeds 60 to 75 per cent of the total neo-paJlial 
mass sexual reactions ore eliminated in all cases (32). 

Quantitative methods for measuring and describing mating activity in male 
rats yield results which emphasize the inadequacy of any attempt to interpret the 
behavioral effects of neural injury merely in terms of presence or absence of a 
paiiicular response. For example, even in those males which continue to mate 
despite cortical injmy, the tendency to display sexual reactions decreases pro- 

I have observed nonnal copulation in a few male rata suffering destraotion of approzi- 
znately one-fifth of the caudate-putamen complex without cortioal injury, but no quantita- 
tive tests were conducted and the findings have not been publidied. 
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portiooately with mcreose in lesion size. Thus, although some individuals may 
oontinue to copulate after loss of half of the neo-cortex they mate in only 15 per 
cent of the post-operative sex tests, whereas coition had occurred in 100 per cent 
of the tests given before operation (31). 

Ibe exact nature of the cortical contribution to sexual behavior in the male rat 
is not understood, but it seems safe to conclude that the neo-pallium is not es- 
sential to the control of the motor pattern involved, for when brain-operated in- 
dividuals copulate the overt reactions are grossly normal (92). Studies of the 
effects of restricted cortical injury upon sensory capacities in rodents have yielded 
results which suggest that absence of sexual behavior in decorticate animals 
cannot be explained as the result of intereference with major sensory pathways 
or areas of representation (46). 

The behavior of decorticated males placed with females in heat is characterized 
not by abortive attempts to copulate nor by any other sign of interference with 
the overt expression of sexual excitement, but by the absence of any indication 
of primary arousal. Neo-cortical injury appears to decrease sexual responsive- 
ness without seriously affecting either the capacity for reception of stimuli or 
for execution of the motor acts of courtship and copulation.^’ 

Many isolated masses of nerve cells in the central nervous sj^tem appear to be 
concerned with regulation of general levels of excitement and to contribute little 
if anything to the specific patterning of reactions (186). For example, studies 
of the function of the bulbo-spinal system in animal locomotion have led to the 
proposal that “one may look upon the medulla as a SHmulaUons organ which 
maintains the excitability of the spinal cord at a level which enables the latter to 
display its full locomotor activity when exposed to extraneous stimuli at a com- 
paratively low level of intensity'' (143). 

In the case of the male rat it is apparent that nervous mechanisms lying below 
the neo-oortex are responsible for or^nization of the overt acts of courtship and 
copulation, but the reactivity of the executive circuits to external stimulation 
depends in part upon some function of tlm cerebral cortex.^ The speoiffo nature 

the cortical inffuenoc is not known, but it probably rests upon well-known 
neuro-phydological phenomena such as that of “distant facilitation” (69). 

Relations between the cortical mechanisms and lower nervous circuits involved 
in sexual reactions should bo conceived as reciprocal rather than unilateral, for 

u xhia reduction in reactivity is, of oouiee, not restricted to the sexual iSeld. On the 
contrary, it is a widespread effect which influences many types of behavior; and concepts 
of decreased ^'exploratory activity” (185), reduced "vigilance” (160), lower^ “attention” 
(187), altered “affective regulation” (236) and increased “apabh^’ (114) refleot the general 
recognition of deoreased responsiveneBS oonsequmxt to br^ injury. 

“ As will be shown later the excitability of the executive drouits is also altered by 
gonadal hormones. Normal sexual responsivenesB in the male depends not only upon neu- 
ral impulses from the cerebral cortex but upon chemical sensitisation by teatloular hormone. 
In intact animals administration of large cuuounts of androgen may raise the reactivity 
oi the oopulatory meobanisms well above normal (84) ; and in parldally decorticated oases 
mating reeponses can sometuneB be revived by androgen treatment (31, 46). It appears 
that in the latter instance the hyper-normal hormone level exerts a compensatory effect, 
m a intainin g normal reactivity in the integrative meobanisms for sexual behavior despite 
reduction in the faoUitative influences normally provided by the cortex. 
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impulses of diencephalic, mesencephalic or even bulbo-spinal origin probably are 
capable of modifying the sexual functions of the neo-pallium. It is in fact 
known that, in cats, stimulation of specific h 3 rpothalamic nuclei facilitates certain 
types of activity within the cortex, and it has been suggested that “initiation or 
accentuation of motor phenomena during emotional states may have a basis in 
hypothalamic-cortical facilitation** (224). 

The data presented above indicate that sexual arousal a-nd mating responses 
are to be considered as manifestations of an extremely complex pattern of neuro- 
physiological activity involving mediation of some response items by spinal 
centers, phasic integration of separate reactions by higher circuits located be- 
tween the cord and cerebral hemispheres, and facilitative or inhibitory inter- 
action between the foregoing mechanisms and the cerebral cortex.^^ 

In male carnivores. It is usually accepted that the specificity of cortical in- 
fluence upon sensory-motor functions in different species is correlated with the 
general level of development of the neo-pallium. In contrast to smooth-brained 
rodents, carnivores possess a convoluted and fairly well-differentiated cerebral 
cortex, and it is therefore not surprising to learn that male cats sustaining par- 
ticular types of cortical iojury show disturbances of sensory-motor co-ordination 
which are reflected in the occurrence of inaccurate and abortive mating reactions. 

Coital responses are reported to have survived in six of seven male cats suffer- 
ing bilateral removal of fhe frontal cortex in combination with aU tissue anterior 
to this re^on; but sensory-motor abnormalities consequent to the operation 
resulted in a hi^ incidence of disoriented reactions to the female (183). An in- 
crease in sex drive is said to have occurred in some of the brain-operated males, 
but it is impossible to assess the significance of this statement in the absence of 
supporting quantitative data (e.g., decreased latency or increased frequency of 
copulation, more frequent or rapid attainment of ejaculation, etc.). 

In an experiment which has not yet been published Dr. Artiiur Zitrin and I 
tested the mating activity of twenty male cats before and after destruction of 
various parts and amounts of the cerebral cortex. We found that normal copula- 
tion was possible after unilateral hemi-decortication, or bilateral removal of the 
frontal, temporal, parietal or occipital lobes. However, althou^ they mated 
normally in some post-operative tests, at other times animals with such lesions 
exhibited disoriented or unco-ordmated sexual responses. For example, operated 
males sometimes approached and gripped the female from the side instead of the 
rear, and then displayed erection and pelvic thrusts although they were not 
moimted and the genitalia were not m contact with any portion of the female’s 
body. 

Cats subjected to unilateral hemi-decortication in combination with destruction 
of the cantra-lateral frontal pole exhibited a strong sex drive as reflected in re- 

The conoept of oortioal foaotion in sexual behavior presented here resembles in several 
ways interpretatiaos advanced more than thirty years ago in an attempt to combat con- 
temporaneous theories of a cerebral sexual center. At that time it was sufi^ested that the 
rtle of the cortex in mating, as in most vegetative and visceral activities, is generalised 
rather than speoifio; although recognised that in higher forma the neo-pallium may 
play an important r 61 e in the associative learning which directs and coordinates specific 
sexual reactions C^)> 
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peated attempts to copulate and in the frequent occurrence of erection; but these 
fl-niTnalfi were capable of coition only when they were placed upon the receptive 
female. Hemi-^cortication with destruction of the contra-lateral occipital 
pole eliminated responses to the distant female; but males sustaining lesions of 
this type were capable of normal orientation and copulatory reactions as soon as 
they came into physical contact with the estrous queen. 

Cats in which all of the neo-cortex had been removed showed no interest in 
the receptive female and made no attempt to copulate even when placed upon 
the stimulus animal. Other workers have observed that decerebrate cats and 
dogs show no mating reactions (24). 

In such cases it is difficult to determine the extent to which sexual failure is due 
to interference with primary sensory capacities consequent to removal of coiiiical 
projection areas. It is known that destruction of the striate area in dogs and cats 
does not abolish all visual function (131), and in the latter species this operation 
produces no marked defect in optical acuity as measured by nystagmus induction 
(271). Furthermore, dogs subjected to extirpation of the auditory cortex retain 
the ability to discriminate sounds (2), and the acuity of hearing is only slightly 
impaired (132). Some sound discrimination is present in cats after removal of 
the entire neo-pallium (304). Bilateral loss of parietal, temporal, frontal or 
occipital lobes does not appear to depress olfactory or gustatory functions in the 
dog (1). 

In spite of this sort of evidence, which indicates paiiial survival of sensory 
capacities in feline and canine species after destruction of various cortical pro- 
jection areas, it is beyond question that extensive neo-paUial injury produces 
marked reduction in sensitivity to external stimulation, and one is obligated to 
consider the possibility that absence of copulatoiy reactLons in decorticate or 
decerebrate male cats and dogs is due solely to interference with exteroceptive 
function. 

Until more data are collected it will be impossible to prove or disprove any 
such interpretation; but it should be noted that the sensory impairment conse- 
quent to bilateral destruction of occipital, temporal, parietal or frontal lobes does 
not prevent copulation in male cats. Furthermore, even the pronounced sensory- 
motor disturbance produced by unilateral hemi-dcoortication combined with 
removal of the remaining frontal pole fails to obviate sexual arousal and coital 
attempts. After complete decortication, however, males give no sign of sexual 
arousal and make no response to the receptive female. When these cats are 
placed upon the female in the mating position they show neither erection (which 
is reported to occur in the spinal cat) nor pelvic movements. In harmony with 
these observations are the reports of other workers to the effect that decerebrate 
male dogs, “show no interest in the rutting bitch” (188). 

It seems clear that in the case of male carnivores the cortex makes a more 
specific contribution to sexual performance than it does in rodents. The question 
remains as to whether, in addition to particular sensory-motor functions, the 
carnivore cortex also exerts a general facilitative influence upon lower centers 
more intimately involved in the mediation of courtriiip and copulation. At 
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present all that can be said is that such an effect is quite possible; for the striate 
cortex is known to exert non-visual as well as visual effects (188), and studies of 
the primate brain have led to the conclusion that several cortical projection 
areas, “participate in a more general type of integration that is dissociated from 
their functions as sensory regions” (173). 

d. In male and femalr primates. There are no reports dealing with the effects 
of extensive cortical injury upon sexual activity in male or female primates. In 
connection with investigation of the psycholo^cal changes accompanying brain 
injury in the rhesus monkey it was noted incidentally that males suffering 
bilateral temporal lobectomy eadhibited a striking increase in sexual drive. The 
important behavioral alterations in males included priapism combined with a 
marked rise in manual and oral masturbation and in the frequency of homo- 
and hetero-sexual intercourse (177); and females with aimilftr lesions are de- 
scribed as giving similar indications of hypemoimal sexual responsiveness. The 
significance of this report is not hnmediately apparent, but it will be recalled 
that loss of the frontal lobes is said to have produced increase in the sexual re- 
sponsiveness of male cats (183). 

Existing knowledge regarding the extensive encephalization of various func- 
tions in the primate brain (164) renders it highly probable that at this level of 
the phyletic scale removal of sensory and motor projection areas would produce 
marked abnormalities in the mating pattern of both sexes and mi^t abolish aU 
responsiveness on the part of the male. 

6. EvoliUionary trends. Comparison of the effects of forebrain injury upon the 
reproductive life of fish (227, 229), amphibia (6), reptiles (97), bi^ (264) and 
mammals indicates that this most recently evolved part of the central nervous 
system has come to play an increasin^y important rdle in the control of court- 
ship and mating responses (42, 227). The most obvious type of change at 
ascending levels within the mammalian order lies in the growing infiuence of 
cortical areas of representation involved in sensory and motor activities Pro- 
gressive encephalization of sensory-motor functions has naturally affected all 
complex types of behavior, and this process seems to cany with it certain sec- 
ondary alterations which are of particular importance in connection with the 
response patterns under consideration here. 

It appears that as the lower neural mechanisms mediating various discrete 
sexual reactions come to be more and more dependent upon activity within the 
neo-cortex, several associated changes occur. (1) The variety of external stimuli 
capable of evoking sexual responses tends to increase; (2) the overt patterns of 
sexual expression tend to became more variable; and (3) the direct importance of 
the gonadal hormones to sexual behavior tends to decrease. These generaliza- 
tions, w'hich are based upon scattered and fragmentary evidence, undoubtedly are 
subject to many exceptions, and may eventually prove to be only poor approxi- 
mations of the facts; but at the present state of our knowledge they provide a 
useful frame of reference which should be helpful to an analysis of the behavioral 
and endocrinological data that foUow. 

C. Behavioral Data Belated to the Neuro-Physiological Evidence. Having sur- 
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veyed the physiologicaJl evidence concerning neural mechanisms responsible lor 
some aspects of courtship and mating we may now profitably turn to the con- 
sideration of a complementary body of data consisting chiefly of observational 
or descriptive accounts of sexual activity in different mammalian species. Some 
of the material presented below offers support for conclusions based upon neuro- 
physiological experiments. In other instances Ibe behavioral evidence extends 
beyond results established by physiological techniques and points the way toward 
potentially firuitful laboratory studies. 

1. Relation between sexual behavior and rym-^xual emotions. Little is known 
concerning the neural basis for emotions in general, but observations of behavior 
strongly suggest a close functional relationship between the mec hanism s for 
sexual behavior and other nervous structures which are activated during various 
sorts of intense emotional arousal. It is particularly evident that sexual re- 
spoQses may appear in non-sexual environmental settings which evoke strong 
emotions of different types; and conversdy, stimuli w’hich ordinarily elicit court- 
ship and copulation may under certain conditions call forth vigorous non-sexual 
reactions indicative of hi^ excitement. 

That sexual mechanisms may be activated by non-sexual stimulation is shown 
by the fact that male dogs sometimes display erection and ejaculation in the 
presence of fear-inducing stimuli (129), and tihat the same responses frequently 
occur in male chimpanzees subjected to various types of excitement such as that 
engendered by presentation of food, separation from companions, or disciplinary 
contact with the trainer (55). Direct^ comparable evidence is available in the 
case of humans, for painful stimuli may evoke genital reflexes in young children 
(171), and pre-adolescent boys experience erection when frightened, os well as in 
other exciting but non-sexual situations (246). Sexual presentation is sometimes 
exhibited by both female and male rhesus monkeys in response to ‘ 'generalized, 
non-sexual excitement” (76). 

The sexual reactions which appear in conjunction with intense emotion are 
not limited to fragmentary, genital reflexes. On the contrary active sexual 
behavior may occur in such situations. For example, immature chimpanzees 
occasionally masturbate during a fit of anger (178), and cebus monkeys os well 
as apes smnetimeB indulge in manual or oral genital manipulation when con- 
fronted with a difficult learning problem (129). Similarly it is reported that 
school children often resort to genital play irndcr the stressful influence of class- 
room examinations (171, 172). In human adults extreme frustration may lead 
not only to auto-genital activity but to complete hetero-sexual intercourse (260). 

A state of generalized excitement seems in some cases to facilitate the occur- 
ren(^ and manifestation of sexual arousal. Female rats which have escaped 
from their cage and been recau^t sometimes exhibit an increase in sexual ex- 
citabiliiy (16); and some males of this species which have become temporarily 
slugj^ can be aroused to renew'cd copulatory activity if they are batted diarply 
about the cage by the ex^jetimenter (40). In some instances male rats whi(ffi 
fail to initiate emtal activity in r^rponse to a given estrous female may do so when 
a new stimulus animal is introduced, even thou^ the second female is no more 
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receptive than the first (298). In this case it seems probable that the disturb- 
ance created by changing females is responsible for the male’s arousal; an inter- 
pretation which gains support from the observation that the same result may be 
obtained by removing the original female and immediately re-introducing her 
into the testing cage (34). 

Male rats which are regularly subjected to an electric shock just before and 
during the moment that a receptive female is placed in the cage react in subse- 
quent tests by mounting the female the moment she is presented, and “copulating 
violently, almost frantically, during Uie shock** (314). This reaction is the op- 
posite of that obtained if the shock is started when the copulation is in progress, 
or just after it is terminated. In the latter cases punishment inhibits sexual 
activity in following tests. 

Male and female primates are known to show sudden increases in mating ac- 
tivity in response to exciting but non-sexual changes in the environment; and in 
some instances the change may be nothing more than the abrupt appearance of 
a human observer (65, 175). It is quite possible that the stimulating effect of 
non-sexual excitement is responsible for the discriminatory behavior shown by 
males of various species toward new or strange females. In free-ranging rhesus 
monkeys the stimulus value of a new female is greater than that of a female with 
w'hich the male has been associated for some time, even thou^ the latter animal 
may be fully receptive (75, 76) . The result is that the male displays an increase 
in copulatory behavior when a new female becomes available. Human parallels 
are too obvious to deserve comment. 

A high degree of sexual arousal often produces non-sexual manifestations of 
excitement, and this is particularly common when noimal coital adjustments are 
blocked. For example, male rats with under-developed penes execute repeated 
attempts to copulate with the receptive female, but in the absence of intromission 
ejaculation is rare. When such animals become highly excited as a result of a 
series of incomplete copulations the frequency of attacks upon the female is much 
hi^or than in normal matings (50); and this increased a^r^on seems to be 
related to the occurrence of intense sexual arousal combined with the failure 
of ejaculation and orgasm. Female rats which ore extremely receptive often 
launch vicious attacks upon males which persist in investigating and mounting 
but fail to copulate and achieve intromission. 

The literature contains one report of an inexperienced male macaque which 
became intensely excited os a result of his inability to achieve intromission even 
thou^ the female was highly receptive and attempted to guide the penis 
manually. After several unsuccessful attempts at coition the male left the 
female and began to bite his feet and legs, inflicting severe wounds. Thereaftei* 
the mere appearance of the female tended to throw this male into a frenzy of 
8^-mutilation (310). 

2. IrUer-sexual differences in svlhprimaie species. Behavioral evidence which 
corrdates with the results of certain ph;ymologioal investigations is found in a 
list of differences between the sexual b^vior of males and females of several 
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a. Effects of nonsexual stimuli upon sexual arousal. Among lower mamma ls 
extraneous, non-sexual stimuli have a tendency to inhibit sexual arousal in the 
male. Males of many species are inattentive to receptive females and slow to 
copulate in surroundings that are novel and strange; whereas under the same 
circumstances females usually mate without hesitation. This inter-soxual dif- 
feience is recognized by commercial breeders (6) and on mink ranches, for ex- 
ample, it is customary to take the estrous female to the male’s living quarters 
for service; for when the reverse procedure is practiced the male, “wastes time 
exploring the cage, etc.” (179). 

The absence of sexual arousal in a strange environment may be due to feai‘, but 
more frequently it appears that the male is merely distracted by non-sexual 
stimuli, a situation which occurs less commonly in the female. Thus although 
captive female coyotes permit copulation by male dogs, the reciprocal cross is 
difficult to bring about because the male coyote is easily upset by the artificial 
conditions of caging, etc. (95). 

The sexually inhibiting effects exerted by a strange environment may be 
dissipated gradually as the male becomes accustomed to his new surroundings, 
and some individuals which fail to mate at the first contact succeed in doing so 
after they have been put with a receptive female in the same cage several days 
in succession. In repeated tests the proportion of male rats exhibiting coital 
reactions tends to increase (36) ; a r^ult which h not typical of females and which 
presumably reflects individual variance in the readiness with which different 
males adapt to the testing situation. 

In other cases environmental interference is promptly and completely elimi- 
nated as the result of one successful copulation. Regardless of the duration of 
their roadence in the laboratory mc»t male cats do not copulate when they are 
first taken to the testing room and placed with a receptive queen, and this re- 
fractory behavior tends to continue indefinitely untU coition is once achieved. 
In some instances it is necessary to manipulate the experimental situation in 
order to induce the initial mating; but once this has taken place the male thence- 
forth displays spontaneous courtship and copulation in ^ subsequent periods 
(334). Estrous female cats, in contrast, mato readily during the first test under 
laboratory conditionB.” 

In some specie the male is hesitant to mate with a strange female even thou^ 
she is fuUy receptive, but comparable discrimination is not evidenced by the 
female. For example, the receptive female porcupine accepts any sexually 
aggresrive male upon first contact, whereas males will not attempt coition with 

The observation that females are leas lik^y than males to be distraoted by non-sexual 
environmental stimuli finds its counterpart in the fact that females of several lower mam- 
malian species are fully capable of attending simultaneously to sexual and non-sexual 
stimuli; whereas the male g^ves no indication of this ability. The estrous bitch accepts 
food even during coition, while the male is capricious about eating in the presence of a 
receptive female axid most males refuse food entirdy during copulation (129) . I have seen 
female cats in copulo conduct extenmve olfactory investigation of a mouse hole in the board 
floor of the testing room, although such a divirion of activity has never been observed in 
the case of the male. 
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any female until she has been kept in thdr cage for several days (265a). Mal^ 
of various domesticated specie sometimes refuse to serve certain types of females. 
A stallion which has mated exclusively with dark mares may show no inclination 
to mount a white one; and jacks which have been allowed to serve jennets are 
likely to refuse copulation with mares (206a). 

The converse of environmental inhibition of sexual responsiveness can be 
seen in the behavior of males of several lower TnftTnTnn.1iH.n species. When a 
male has repeatedly received receptive females in a given external situation, the 
environmental setting tends to acquire sexually-exciting qualities with the 
result that coital reactions may be elicited by any one of a wide variety of stimulus 
animals offered in that setting. Although sexually-inexperienced male rats 
usually attempt to copulate only when ^ven a female rat in estrus (41), many 
males which have copulated with receptive females in a particular testing cage 
will subsequently attempt to mate with males or non-receptive females (30, 
174, 286), or even with females of a foreign species (41) when such Rnima-lR are 
encountered in the original testing situation. Male rabbits accustomed to re- 
ceiving estrous does in the living cage will, ^'mount cats, kittens, guinea pigs, and 
even dead or inanimate objects’* offered in a similar fashion (65). 

The sexual responsiveness of male mammals may be depressed in an environ- 
mental setting associated with conflict or pain. Neurotic male dogs are slow to 
mate with estrous females presented in the experimental room where the neurosis 
was induced, although in the paddock copulation may occur promptly (129).“ 
Lasting inhibition of the male’s sexual responsiveness sometimes results if arousal 
is attended by punishment. Male rats subjected to electric shock during or 
immediately after copulation \\ ith the female usually fail to mate in subsequent 
tests (314). Male marten which are smatched or cut by the female during mat- 
ing are apt to show little interest in receptive females presented on succeeding 
days (204). 

Experiences encountered during the first complete sexual contact exert a paiv 
ticularly potent effect upon subsequent responsiven^. In training young 
male foxes for service, breeders take care to select females that are gentle and in 
full heat in order that tho male shall not be attacked or fri^tened and thus 
spoiled for future use as a sire; but such precautions are regarded as superfluous 
in the case of an experienced stud male (108). If a fight occurs during initial 
matmgs the young male mink is unlikdy to develop sufficient aggressiven^ to- 
ward the female; whereas after a few successful copulations, ‘ffie wOl have ac- 
quired confidence and his future as a breeder is assured ” (179). 

The facts that extraneous stimuli tend to interfere with the male’s^ reactivity 
to the receptive female, and that previous e:!q)erience may alter the male’s 
susceptibility to sexual arousal appear to be closely related to the observation 

u Evidence of this type may bear a significant relationship to clinical observations 
suggesting that oonlliot, anger or fear are capable of suppressing sexual tendencies in the 
human (74) ; that the majority of patients suffering ‘*mixiety attacks” complain of sexual 
difficulties (129) ; and that int^erence with normal sexual function is a common symptom 
in various psychoses, particularly paranoia (806). 
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that the cerebral cortex exerts a profound effect upon copulatory behavior in the 
mfllA but is less important in the coital adjustments of the female. In the case 
of the male a profusion of non-sexual stimuli may evoke within the cortex a series 
of activities incompatible wdth thc^e essential to sexual responsiveness, with 
the result that the effector mechanisms for courtship and copulation receive no 
facilitative impulses from higher centers. Conversely, stimuli which originally 
possess little or no effect upon sex responses may, by a process of cortical condi- 
tioning, come to exert pronounced effects upon sexual mechanisms. 

b. Pre-^ptAerdl sexued acliviiies. In many sub-primato species there is a 
marked inter-sexual difference in the age at which recognizable copulatory re- 
actions appear. Although female rats do not exhibit any part of the adult 
feminine coital pattern prior to the first complete ovarian cycle (which usually 
occurs at 45 to 50 days post-partum), males of this species mount and palpate 
other rats and may show pelvic thruste as early as twenty-one days after birth 
(43). Comparable pre-puberal sexual responses are shown by male guinea pigs 
(103), hamsters (62), marten (204), cattle (160) and lions (88); but in none of 
these forms does the pre-pubescent female display the complementary feminine 
reactions. 

These extreme differences probably are not due exclusively to neural factors, 
but are related in part to differential rates of development within the secretory 
portions of the male and female gonad. Thus the interstitial tissue of the tostis 
matures earlier than its ovarian counterpart (27, 311), and produces hormone long 
before the ovary begins to elaborate and release its endocrine products (27, 169, 
231) . It seems likely, however, that the relatively early appearance of masculine 
sexual performance and the delayed onset of feminine receptivity is to be imder- 
stood as depending upon central nervous differences os well as hormonal varia- 
tion; for it has been shown that adult male rats which were castrated on the day 
of birth exhibit sexual response that are identical to those characteristic of the 
intact, immature male (60). 

3, Sexud differences and eimilariHes in 'primates. Male and female monkeys, 
apes and humans do not exhibit the same inter-sexual differences os have been 
described for lower mammals, but certoi typos of variation which are apparent 
suggest that at th^ hi^r evolutionary levels the nervous elements involved 
in sexual arousal and coital performance are not identical in the two sexes. 

a. Pre-pnjSberdL sextud activities. Both male and female primates display sexual 
responses during early life. Penile erection is present in the macaque soon after 
birth, and by the seventeenth post-natal day moles repeatedly rub the gjlans 
against objects in the environment. Ehythmic sex patterns become a regular 
habit during the first year, and male infants use rubber playthings “in a sexual 
fashion’* (166). The female rhesus shows sexual presentation as early as six 
•months after birth. Infant chimpanzees of both sexes indulg e in frequent and 
hig^ variable sex play which ranges from manual and oral masturbation to 
heterosexual copulation with intromission and pelvic thrusts (55). 

Ill view of the common occurrence of pre-puberal sexual activities in every 
primate spedes which has been investigated it is not surprisiag that sex interests 
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are detectable in very young children of all cultures (122). In some social set- 
tings infantile sexual tendencies may not beconae well patterned until puberty 
(139), but social taboos against overt sexual relationships do not completely sup- 
pie^ such activity (245, 2G3). 

From the evolutionary point of ^dew it is especially significant that in cultures 
which permit free and unrestricted sexual expression, the common patterns of 
pre-puberal play bear close resemblance to those obaer\'ed in the immature 
chimpanzee, including genital manipulation, oral contact and copulatory at- 
tempts with intromission and pehde thrusts (201). 

b. Sex differences in advlihood. Published accounts of sexual behavior in 
primates do not contain as many indications of inter-sexual difference as were 
cited above in connection with sub-primate species, but studies of reproduction 
in the chimpanzee indicate that certain important male-female variations do 
exist. 

Adult male chimpanzees lacking experience in heterosexual relations often 
are unable to effect complete union on first contact with the receptive female. 
Sexual arousal appears to occur normally, for erection takes place promptly and 
the male usually attempts to cover the female. In most cases, however, the pat- 
tern goes no farther than this, and intromission and ejaculation are not achieved. 
In subsequent matings the copulatory pattern is gradually perfected and even- 
tually sexual competence is achieved as a result of practice and learning (326). 

The female chimpanzee lacking any mating experience is obviously better 
prepared for copulatory behavior than is the inexperienced male (66). When 
inexperienced females are caged with experienced consorts mating is carried 
out without imdue difficulty, and even when the partner is a sexually naive 
male, the female’s responses arc adequate and may even include manual at- 
tempts to direct tho penis into the vagina (326). 

It is impossible to assess the importance of training and e3q)erience to sexual 
performance in the human. In the first place too little is kno^yn concerning tho 
amount and diversity of sexual experience gained before reproductive maturity 
by members of either sex wdthin our own culture. It seems fairly certaia that 
the overt pre-marital sexual experience of the average male far exceeds that of 
most females (176); but the breadth of vicaiious experience made possible by 
language wmuld appear to obviate total naivete in any indi\ddual. 

The original data have been subject to a great deal of just criticism, but it 
may be worth while to point out that d^criptions of “feral” man indicate a very 
low sex drive rather than on intense and undisciplined libido. The adult males 
Tomko of Zips and Kaspar Hauser are reported to have shown no interest what- 
soever in sexual matters; and careful consideration of similar cases has led one 
reviewer to conclude that as far as humans are concerned, “the social channeling 
of sex is much mom necessaiy for its full expression than mi^t be thought” 
(333). 

4. Bisexual mating reactions. Experimentalists ordinaiily think of masculine 
sexual behavior as appearing m male animals, and feminine activity in females; 
but there are numerous observations to prove that normal, untreated female 
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luamznals are capable of exhibiting nearly all elements of the masculine copula- 
tory pattern, and that sexually active males occasionally display fe minin e coital 
responses. Animals showing mating activities typical of the opposite sex also 
execute the copulatory pattern of their o\mi sex with normal frequency and effec- 
tiveness, and these facts must be tak^ into consideration in any analysis or 
interpretation of ph 3 ^iological mechanisms responsible for courtship and coition. 

a. Incidence and characteriatica. The display of male-like mounting with pelvic 
thrusts by normal females htig been described in the case of the rat (29, 36, 61), 
guinea pig (331), rabbit (158), golden hamster (reviewer’s observation), porcupine 
(265a), diort-tailed shrew (232), marten (204), dog and cat (reviewer’s observa- 
tion), sow (3), cow (327), rhesus monkey (76, 149), and chimpanzee (65, 325). 
Records of the appearance of feminine sexual behavior in male mammals are 
less common, but estrous reactions have been observed in male rats (29, 47, 49, 
289), guinea pigs (60), golden hamsters (reviewer’s observation), rhesus monkeys 
(75, 149), and dnmpanzees (55). 

It is noteworthy that male rats which exhibit feminine sexual reactions in- 
variably prove to be unusually vigorous copulators when placed with receptive 
females (29, 47, 289). They initiate coition with very httie delay, execute few 
incomplete copulations and reach the point of ejaculation much sooner than 
most fl.niTnfl.1fl of the same strain. Furthermore, such rats are most likely to dis- 
play female behavior at times when they are hij^ly aroused as a result of pre- 
vious contact with estrous females. It has been my experience that the most 
reliable method of eliciting the feminine mating pattern is to allow the male 
several copulations with a receptive female, to remove the female before the male 
can ejaculate, and to introduce a second male who will mount and palpate the 
bisexual individual. If the experimental animal is not sexually aroused, or if he 
has just ejaculated, it is difficult if not impossible to evoke feminine responses. 

The ear-vibration, which is an integral part of the female rat’s sexual pattern, 
may be executed during copulation by male rats that are hi^y aroused but in- 
capable of ejaculation (50). The males which have been observed to show this 
reaction were individuals castrated at birth and injected with large amounts of 
androgen in adulthood. As a result of very early castration the penes were very 
small and did not permit intromistion at normal frequency; but androgen treat- 
ment resulted in a high level of sexual excitability, and the experimental animals 
executed numerous copulatory attempts when placed with femaleB in heat. 
Althou^ the males gave many signs of being intensely excited, the infrequency 
of intromission prevented ejaculation; and under such conditions some individu- 
als repeatedly displayed ear vibrations while they were mounting and palpating 
the female. 

The foregoing observations suggest that the neuro-musoular mechanisms 
mediating feminine sexual reactions in the male are most likely to be activated 
when a state of pronounced sexual excitement exists, and when execution of the 
complete masculine pattern is prevented. In addition, of course, application of 
the appropriate pattern of external stimulation is essential if the entire sequence 
of feminine responses is to be elicited. 
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In ccameclion the question of external stimulation it should be observed 
that the masculine mating pattern is called forth in females by the same stimuli 
which evc^e it in males, while the feminine responses of males are elicited by 
those external events which normally initiate these reactions in the female. 
Thus, female rats exhibit masculine mating behavior most frequently and in- 
tensely when they are confronted with other females which are highly receptive 
(51) ; and males of this species show feminine reactions when they are mounted 
and palpated by other males (47). 

In considering these facts one becomes aware of the possiblity of dealing with 
courtship and copulatory behavior in terms of stimulus-response relationships 
which ore relatively constant in all individuals regardless of genetic sex; and it is 
apparent that the neuro-muscular mechanisms responsible for many such re- 
lationships are present in both male and female mammals. In either sex the 
application of pressure to the dorso-lumbar re^on tends to elicit lordosis and 
opisthotonus; and in either sex the mulU-sensoiy pattern of stimulation pro- 
^dded by the receptive female tends to evoke pursuit, mounting and palpation 
with pelvic thrusts.^^ 

b. LimitaUom. It would be a mistake to minimize the limitations of potential 
bisexuality in mating behavior. Briefly stated these are three in number: (1) 
limitations imposed by differences in the ovarian and testicular hormones, (2) 
limitations imposed by genetic differences in the thresholds of responsiveness 
within the neural mechanisms for masculine and feminine behavior m the two 
sexes, and (3) limitations imposed by differences in moxphologioal structure, 
particularly that of the genitalia. 

As will be explained at a later point in this review, sensitivity to external 
stimulation within the neuro-motor circuit mediating masculme sexual responses 
is greatly increased by testicular hormone, while mechanisms for feminine re- 
sponses are rendered sensitive by ovarian secretions. Therefore the masculine 
mechanisms in the genetic female are relatively insensitive because of the absence 
of the appropriate hormonal facilitaticm, and a similar situation obtains for the 
feminine mechamsms in the male. 

Even in the absence of any gonadal hormones there is a difference in the ease 
with which masculine and feminine reactions can be elicited in male and female 
mammals. For example, the male rat castrated on the day of birth (50), and 
the male guinea pig subjected to similar operation long before puberty (275) 
are known to display rudimentary masculme sexual reactions when placed with 
the receptive females during adul^ood; but such animals do not exhibit feminine 
copulatory behavior when mounted by other males. Thus it appears that in 
the genetic male the threshold of respontiveness in the neural circuits for mascu- 

The saggeetioii that the genetioaUy-orgamzed neuro-musonlar system is, within lim- 
its, potentially bisexual, carries no implication of antagonism between the feminine and 
masculine mechanisms, and should not be confused with such nonsensical formulations 
as the following: 'Thus one must assume that the cerebrum contuns male and female 
ceuters whose antagonistio action and reiatiye strength determine the indiriduai's sex 
behavior. Homosexuality results from the victory of the wrong center” (214). 
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line coital performance is inherently lower than the threshold in the mechanisms 
for feminine behavior. Whether or not the inverse situation obtains in the 
female is not known, but a quantitatively similar differential may be assumed 
to exist, although it seems likdy that the masculine circuits in the genetic female 
are more easily stimulated than are the feminine mechanisms in the male (51). 

When a spayed female rodent is injected with androgen, and the neuro-mus- 
cular mechanisms associated with xnaBCuline sexual behavior are rendered higihly 
sensitive to exteroceptive stimulation, the resulting behavior is less complete 
f.hn.Ti that of the normal male. The difference appears to derive at least in part 
from the absence of masculine genitalia. Although she mounts other females 
in the same manner as a male, and executes numerous copulatory thrusts, the 
androgenised female executes relatively few complete copulations and does not 
show the ejaculatory pattern (16). In fact her behavior resembles closely that 
of adult mfllft fl from which a portion of the penile bone has been removed (50). 
These observations Tnalca it possible to assume that the incompleteness of the 
pattern is in both instances referable to lack of intromission with consequent 
failure of one important source of sexual stimulation which operates to produce 
intense excitement in the normal male. 

5. Behavior involving auto-genital stimulation, a. Incidence and characteristics. 
Under certain conditions male and female mammals of many species manipulate 
their own external genitalia. In some animals auto-genital stimulation occiirs 
in close conjunction with copulatory behavior, under the influence of sexual 
excitement generated by previous contact with the opposite sex. Members of 
other specie exhibit similar responses in isolation, and their behavior indicates 
that the resulting sensations induce definite erotic effects. 

Althou^ there have been no experimental attempts to determiue the physi- 
ological mechanisms involved, the widespread occurrence of auto-genital manipu- 
lative reactions sugg^ts that this type of bdiavior may be a fundamental element 
in the basic mammalian sexual pattern, and as such it deserves attention in the 
present review. 

It is reported that sexually excited male porcupines manipulate the genitalia 
with the forepaws and often walk about on three legs, straddling a long stick 
which is held in one front paw and extends backward between the hind legs, 
coming into intimate contact with the pmiis (266a). 

Licking and manipulation of the penis constitute integral parts of the coital 
pattern in many rodents, including the rat (286), golden hamster (247b), and 
^ort-tailed shrew (232). In the last-named species post-copulatory penis 
manipulation is thou^t to be essential to fertile mating, for after each mount 
r^ardless of the occurrence of intromisdon the male must return the penis to its 
sheath before he is capable of pursuing the female (232). 

Ejaculation has not been observed in connection with auto-genital manipula- 
tion by male rodents and it is not at all certain that such activity is sexually 
stimulating, but there is some evidence to suggest this may be the case. Ac- 
cording to some experimenters the male rat’s penis licking (fften is accompanied 
by distinct pelvic movements similar to those occurring during copulation (286) ,* 
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and males of this species in which overt copulation has been inhibited by electric 
shock respond to the presence of the estrous female with a pronounced increase 
in the frequency and duration of oral manipulation of the phallus (314). 

Females of lower mammalian species characteristically nibble and lick the 
vaginal orifice after each copulation or series of copulations, and this r^ponse 
forms a particularly prominent element in the post-copulatoiy “after reactions” 
^own by female cats. The female porcupine in heat may srize and straddle 
pTTm.11 sticks, supporting one end with a forepaw and riding the stick about the 
cage in such a manner os to stimulate the external genitalia (265b). 

Caged male rhesus (177) and cebus (129) monkeys often masturbate to the 
point of orgasm, and such behavior has sometimes been interpreted as an “ab- 
normal” response mdueed by artificial conditions of sexual deprivation (149). 
This point of view appears to refiect mordistic conviction rather than accurate 
observation, for masturbation with ejaculation occurs in free-rangiog, socially 
dominant male macaques which have free access to receptive fem^des (76). 
Adult male chimpanzees hequently stimulate ejaculation by or oral 

masturbation (276), and immature males of this species masturbate several 
years before ejaculation is possible (55). 

Auto-genital stimulation is not peculiar to male primates, for it occurs m the 
female rhesus (177) and in both infantile and adult chimpanzees (55) and gorillas 
(323). The female ape may masturbate with the fingers or with foreign objects 
such as fruit, pebbles, leaves, or projecting comers of boxes. 

In humans as in other primates auto-genital manipulation begins long before 
puberty and occurs in a hi^ proportion of the population. According to one 
authority, “masturbation with partial orgasm may begin in the first year of life 
and continue irregularly thereafter in both sexes” (W) . Other observers state 
that grasping and manipulation of the penis are frequent by the third year in the 
human male, although genital stimularion is said to occur less often in the female 
(190). 

Hegardless of the exact age of its initial appearance (which must be subject to 
considerable individual difference) there is no doubt concerning the very high 
frequency of masturbatory behavior in reproductively immature humans, par- 
ticularly males. In one series of interviews 90 per cent of 291 boys reported the 
practice of masturbation beginning before or soon after the onset of adolescence 
(246). That activity of this chameter is not limited to members of European 
cultures is amply demonstrated by reports of its widespread occurrence among 
primitive tribes (122). 

b. Establishment of masturbatory hoMts in the human. In view of the common 
tendency to regard human masturbation as an “abnormal” or “substitute” re- 
sponse it may be worth while to point out one course of events by which deep- 
rooted habits of genital manipulation may be established during infancy or early 
childhood. 

It is well known that in most if not all primates genital refiexes appear soon 
after birth. In the macaque monkey penile erection is seen during thesecond 
post-natal week (166), and penile and clitoral tumescence occur in chimpanzees 
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at birth (66). Male and female human infants exhibit turgescence of the penis 
or clitoris at birth, and in the case of males three to twenty weeks of age the 
average frequency of erection varies from four to thirty-five within a 24-hour 
period (148). The occurrence of a definite response to masturbation in human 
infants is indicated by the report that manipulation of the erect penis or clitoris 
is followed by “unmistakable relief from tendon or restlessness” (208). Al- 
thou^ the limited neuro-muscular capacities of very young infants would not 
permit prolonged auto-genital stimulation, it is known that grasping and handling 
of the phallic organs occur frequently by the third year (190). 

To these data concerning genital activity must be added the fact that con- 
ditioned reflexes can be established in very young infants. For example, if a 
buzzer is always sounded Just before presentation of the breast or nursing bottle, 
babies less than one week old react to the auditory stimulus by opening the mouth 
and making sucking movements (205). 

It may be suggested that the spontaneous occurrence of genital tumescence 
tends to elicit manipulatory responses, that these in turn result in detumesconce 
accompanied by relief of tension, and that the resultant stimulus-response as- 
sociation is strengthened by each repetition. In such a case regular habits of 
auto-genital stimulation could become firmly establi^ed in infants as soon as 
neuro-muscular development was sufficient to permit localization and repetitive 
manipulation of the genitalia. 

Hobmonal pactohs in sexual behavior. Many observational and exper- 
imental findings combine to indicate that various hormones, particularly those 
of gonadal origin, may exert pronounced effects upon the sexual behavior of male 
and female mammals. Earlier reviews provide comprehensive summaries of the 
literature on this topic (49, 86, 91, 288), but the pertinent data will be surveyed 
in a somewhat different manner in the present article. In preceding sections an 
attempt has been made to define the neuro-physiological factors responsible for 
courtship and mating, and it has been stated in passing that the fimctional 
capacity of certain nervous mechanisms is influenced by ondocrino products. 
It now becomes necessary to consider the evidence upon which such conclusions 
are based and to attempt to understand the ways in which glandular secretions 
may exert their specific behavioral effects. 

A. Relation of Oonadal Cycles to Mating Aclivity. 1. Normal rydes in lower 
mammals. In males and females of seasonally breeding species and in females of 
polyestrous forms complete mating performance normally occurs when the 
secretory activity of the gonads is at or near the maximum (49). The heat 
responses of female rats (59) and guinea pigs (329) usually appear only when 
mature ovarian follicles are present, and a similar correlation exists in the case 
of other domesticated animals such as the cow (164) and horse (163). Males of 
these species are continuously active sexually and the secretory activity of the 
testes appears to be more or less constant; but in seasonally breeding fonns 
like the marten (204) and deer (319) the male’s rutting behavior coincides with 
the reorud^cence of the testes. 

Althou^ a dose positive relationship between hi^ gonadal activity and overt 
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sexual behavior is a general rule in nearly all lower Tnfl.mTnfl.lia.n forms, some 
individual exceptions exist in most if not all species. Some female minV whose 
ovaries contain many large follicle refuse to receive the male (109);^^ and a few 
rats (69), guinea pigs (61) and cows (166) show normal ovarian cycles but never 
exhibit heat behavior. All strains of laboratory rats apparently contain an 
occasional male that never displays copulatory acti\'ity despite the possession of 
histologically normal testes and well developed accessories (40). 

In the majority of sub-piimate spedes the pregnant female is not sexually 
receptive, but exceptions to this rule are evidenced by reports of frequent 
copulation diown by gravid golden banisters (62) and rabbits (168). In the 
latter species, as a matter of fact, willingnas to receive the male bears no observ- 
able relation to fertility, for it has been found that in the wild rabbit, Oryciolctgus 
cuniculuSi males copulate twice as often with pr^nant or di^rous females as 
with those which are capable of insemination (63a). 

2. Induced cydes in lower mammcda. By the administration of gonadotrophic 
substances it is often possible to induce unseasonal development of the gonads, 
and the consequent increase in gonadal hormones results in the appearance of 
mating r^onses in female ferrets (130), dieep (86), swine (332), horses (90a, 93a, 
167), cattle (164), cats (126, 219), d(^ (189a) and rodents (112, 320). It should 
be added, however, that although follicle growth and ovulation occur in a hi^ 
percentage of females subjected to gonadotrophic stimulation, the induction of 
^trous behavior is achieved in a smalls proportion of casos (236a). 

Gionadotrophio stimulation of the immature t^is or ovary may evoke the 
secretion of endogenous gonadal hormones which in turn cause precocious sexual 
activity. For example, female mice injected with fresh pituitary substance wiU 
mate at fifteen days of age, and rats subjected to the same treatment show all 
of the behavioral signs of ^trus at twenty-two days although at this age they ore 
so small that adult males cannot effect copulation (272). Female rats injected 
Tilth chorionic gonadotrophin on the twenty-second day after birth mate and 
conceive three days after treatment (83), and administration of anterior pituitary 
extracts to immature male rats is reported to result in '‘premature phobic 
maturation” (283). 

Findings of this nature indicate that the neuro-muscular factors mvolved in 
adult sexual behavior are functionally organized long before the advent of repro- 
ductive maturity, and that the activation of these mechanisms merely necessi- 
tates the presence of adult hormone levels. As a matter of fact there is one bit of 
evidence to show that in some sped^ adult mating responses are possible 
immediately after birth. For the first few post-natal hours female and male 
guinea pigs respond to tactile stimulation of the rmnp with the execution of 
lordosis and opisthotonus in a manner typical of the sexually-receptive adult 
female (60) . Presumably these reactions occur under the influence of temporar- 
ily surviving maternal hormones; in any event they disappear within the first 
day after birth. 

In this Bpeoies there appears to be little direct correlation between waves of developing 
follicles and willingness to copulate (109). 
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3. Normal cycles in primates. The interrelationehip between ovarian cycles 
ft.nH sexual behavior is less clear-cut in the intermediate and hi^er primates than 
in lower Tnfl.TnTng.TR . In more primitive piimatea such as the lemuroids the 
female’s receptivity apparently is still heavily dependent upon gonadal hormones, 
for the female galago, 0. senegalensis mohli will mate only during physiological 
estrus (193a). Among the monkeys, however, the situation is altered slightly, 
for fl.H'.Timi gTi the female rhesus is fully receptive only at the time of ovulation (20) 
flhfl may permit copulation during other stages of the cycle (75), and her readiness 
to accept the male is affected by social and behavioral factors as well as by her 
own physiological status (76). Even greater independence from ovarian con- 
ditions is to be seen in the sexual activities of female apes. The chimpanzee may 
display sex presentation and receive the male at any point in the menstrual cycle 
(309, 324, 326), and although marked individual differences undoubtedly exist, 
it appears that this primate stands midway betwen the monkey and human as 
regards the degree to which ovarian condition affects social behavior (330). 

It has proven extremely difficult to identify possible effects of ovarian cycles 
upon sexual responsiveness in the human female, but it seems fairly certain that 
hormonal influences are much less important in our own species than in any 
lower form. Various investigators have reported that most women experience 
Tnfl.TTTnftl sexual excitability just before and just after the period of menstiml 
flow (93, 96, 299), but non-hormonal factors undoubtedly contribute materially 
to any such valuation in desire for intercourse. 

Incomplete as they imdoubtedly are, the available data strongly suggest the 
existence of an inverse relationship betw'ecn advancing phyletic status and the 
degree to which the female’s sexual behavior is controlled by ovarian hormones. 
The full significance of this obsen’^ation becomes apparent when it is considered 
in conjunction with previous statements concerning the evolutionary increase 
in the importance of cerebral functions to the sexual activities of mammals. 

B. Effeds of Oonadedomy. Direct evidence for the function of testicular and 
ovarian hormones in sexual behanor is provided by descriptions of behavioral 
changes which follow removal of the leproductive glands. 

1. Removal of the ovaries. The effects of ovariectomy upon mating beliavior 
vary according to the phylogenetic status of the species, and in higher mammals 
individual differences are appai’ent. In female rodents (166, 296, 316), ungulates 
(7, 211), and carnivores (5ffi, 181, 189, 197) the operation occasionh prompt and 
complete elimination of copulatory reactions. 

In the fenoale rhesus monkey sexual responsiveness ordinarily is lost rapidly 
after ovariectomy (13), but under special conditions, such as those consequent to 
specific types of brain injury, copulation may occiu* frequently despite gonndec- 
tomy (177). Female chimpanzees tend to show sexual presentation and permit 
copulation many months after lo*^ of the gonads, although the residual behavior 
is less frequent and prolonged than that occurring during the ovulatory period in 
intact animals (80). 

The sequelae to human ovariectomy are in dispute. According to different 
authors this operation may increase (^), decrease (81, 124, 162, 202), or have no 
effect upon sexual desire in women (115, 312). The lack o£ agreement between 
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authorities stron^y suggests that individual differences are marked and that 
hormonal effects are much less powerful and less direct in the sex life of the human 
female than in that of lower forms. 

2. Removal of fh£ testes The effects of castration upon sexual behavior in male 
mammals differ v ith the species, with the individual, and with the age of the 
flniTnal at the time of operation. 

a. Pre-jn^ral casiraMon. It is sometimes stated that male ftniTnala gonadec- 
tomized before puberty exhibit no mating behavior (86), but the limited appli- 
cability of this generalization is indicated by reports of frequent if incomplete 
Gopulatory reactions in pre-puberaJly castrated male rats (38) and guinea pigs 
(218, 265, 275). The responses observed in such fl-TiiTnnlH usually consist of 
mounting the receptive female and exhibiting pelvic thrusts. Erection does not 
seem to occur very often, intromission is infrequent, and ejaculation is lacking 
(50). Pre-puberally castrated male chimpanzees show’ much more sexual activ- 
ity than do similarly operated rodents, and at least some adult apes deprived of 
testes in infancy are capable of frequent copulation with erection and in- 
tromission (79). 

b. Castraiton in adulthood. Male mammals from which the testes are removed 
in adult life may continue to display coital reactions for many months after 
operation. Casual observation has shown that copulatory behavior survives 
castration in male horses (277), cattle (307), and monkeys (308), although no 
data have been reported which would indicate the completeness or intensity of 
the residual sexual activity. Quantitative studies of pre- and post-castrational 
mating performance in male rats (46, 268, 277, 291, 296) and rabbits (293) reveal 
that ejaculation is the first element of the pattern to disappear following gonadec- 
tomy, that complete copulation with intromission undergoes a progressive decline 
in frequency, and that in some moles of both species incomplete copulatory 
attempts persist for several months. 

The changes w hich follow castration in adulthood appear to include a reduction 
in the drive to seek out the sexually-ieceptive female, for gonodectomized male 
rats are less willing than intact animals to cross an electrified grid interposed 
between them and the estrous female (226); and castrated male guinea pigs 
display a weakening of the tendency to cross a mechanical hurdle with a female 
in heat on the other side (265). 

The plethoric and contradictory literature dealing with sexual ability in cas- 
trated men permits only two generalizations. The range of individual variability 
is definitely wdder in humans than in any other mammalian species (182), and the 
importance of testicular hormone for susceptibility to arousal and capacity for 
complete response is less marked in man than in lower forms (216). Some 
authorities adhere to the extreme view that testis secietions are entirely dispens- 
able, and that “pre-pituitary” and “i)sychic centers” control libido and potency 
in the human male (113). The majority of writers, however, concur in the belief 
that, althou^ their effects may be le^ important in human sex life than in that 
of lower animals, gonadal secretiems do play a major rdle m the normal sex 
behavior of man (240, 285, 302). 

Bef erences m the medical literature report complete survival of sexual powers 
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in various individual cases studied nine, twenty (267), and thirty (113) years 
after loss of the testes. In other instances gradual loss of desire and capacity 
for intercourse is said to have become evident at different intervals from two 
months to seven years after operation (87, 210, 213) . Some castrates report that 
although the ability to achieve orgasm is reduced or eliminated, sexual desire and 
the capacity for erection are not affected; and it will be recalled that in the case 
of male rats and rabbits the ejaculatory response was found to be the most 
sensitive indicator of post-operative hormonal deficiency (50, 293, 296). 

Partial or complete retention of sexual powers after castration might be in- 
terpreted as a result of androgenic stimulation provided by hormones of the 
adrenal cortex ; but it is doubtful that any such explanation is universally ap- 
plicable, for male castrates with very low titers of urinary androgen may per- 
form coitus several times weekly as long as thirteen years after loss of the 
testes (162). 

A major obstacle to estimation of the effects of castration upon sexual activity 
in men aris^ from the widely recognized influence of non-hormonal factors which 
may affect susceptibility to arousal and capacity for intercourse. Repeated 
references to the power of “suggestion” and “psychological factors” reflect a 
general acceptance of the fact that in the human as in no other animal the cortical 
component is of primary importance in the control of sexual phenomena. 

C. Effects of Administering Oonaded Hormones. Observed correlations 
between cycles of secretory activity within the gonads and periodic appearance 
of sexual behavior, and the recognized effects of castration upon mating tendencies 
lend considerable support to the belief that ovarian and testicular hormones are 
in some fashion responsible for courtship and matinginmany species. Evenmore 
direct evidence for such a conclusion is to be seen in the behavioral changes which 
follow the administration of gonadal hormones to male and female mammals. 

1. Ovarian hormones m the female. Many reports describe the appearance of 
sexual receptivity in spayed or anestrous fem^e TnaTnTnfl.lB consequent to the 
administration of ovarian hormones. Injections of estrogen evoke TTiftting 
responses in the anestrous cow (1 57, 321) and ewe (84, 166, 166), and in the spayed 
bitch (181, 189), cat (22, 197), ferret (206), ewe (21), cow (la), and rhesus 
monkey (13) . Administration of ^trogen to spayed chimpanzees causes swelling 
of the sex skin and intensifies the tendency to court and cohabit with the m ale 
(80) . It may be of considerable significance that the intensity and completeness 
of the sexual pattern induced by exogenous estre^en is related to the amount of 
hormone a dminis tered. For example, ^ayed heifers receivix^; estr(^en eribibit 
parts of the pattern after one or two treatments, but continued dosage is essential 
if all of tile normal pattern is to be evoked (la). 

Ovariectomized females of some species, including the guinea pig (68, 61, 166), 
golden hamster (123), mouse (262), and rat (39), show slugg^h heat reactions 
when treated vith estrogen, and normal estrous behavior appears only if estrogen 
administration is followed after a suitable interval by the injection of 
progesterone. In other species progestmrone appears to act as a sex depressant. 
Thus, fe m a le rabbits in estrus may refuse to mate following progesterone admin- 
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istration (200), and the estrogen-induced heat of the spayed rhesus female is 
reduced by injection of progesterone (19). 

Individual differences in the behavioral response to hormone treatment have 
been noted in several species. For example, spayed ferrets vary with respect to 
the amount of estrogen which must be injected to obtain full behavioral estrus 
(206), and the same is true in the case of cattle. In general it appears that 
individuals which exhibit the most intense and complete sexual activity prior to 
ovariectomy respond post-operatively to lower concentrations of exogenous 
hormone than do other females wh(^ pre-operative Tnating reactions were less 
easily elicited. In one experiment the mating performance of a group of hdfers 
was observed before castration, and when estrogen was given post-operatively it 
was found that, '‘in general . . . the easi^ it had been to detect heat [pre-oi)era- 
tively] the lower was the level of hormone nece^ary to induce heat after the 
operation” (7). 

It has been noted above that there are in various species a few individual 
females which show normal ovarian cycl^ but never come into behavioral estrus. 
When female guinea pigs of this type are ovariectomized and injected with 
ovarian hormones sexual behavior may be elicited if very large doses are employed 
(61), and some heifers that have never shown heat b^vior will do so following 
the administration of very large amounts of estrogen (157). Findings of this 
nature make it possible to assume that the oiigmal failure of normal sexual 
receptivity was due, not to a sub-normal supply of gonadal hormone, nor to 
incompletdy organized nervous mechanisms, but to the fact that the neural 
circuits lacked normal sensitivity to the facilitating effects of physiological 
concentrations of the essential endocrine secretions. 

There are certain observations which indicate that comparable individual 
differences are to be found among female chimpanzees. In one study (80) four 
ovariectomized apes were treated with estrogen and three animals became very 
active sexually, showing mating behavior identical to that of intact females at 
the height of genital swelling. The fourth female exhibited the expected swdling 
of the sexual skin but would not receive the male; and consultation of breeding 
records revealed that prior to ovariectomy this particular individual had never 
permitted males to copulate. 

The fact that in the human female sexual responsiveness is correlated loosely 
if at aU with cycles of estrogen production, and the prevalence contradictory 
reports concerning the sequelae to ovariectomy in women would not lead us to 
expect any general agreement as to the effects of hormone treatment in ovariecto- 
mized women. However, it is reported that following this operation some women 
continue to display satisfactmy marital adjustments only if estrogen is 
administered (135). In one study seven oophorectomized women received 
estrogen. Five patients experienced a r^titution of libido which had been lost 
post-operatively, one case in which pre-operative responsivenoas had been low 
d^cribed a marked gain under treatment, and the seventh patient reported 
post-operative loss with no improvement under hormone (161), Attempts to 
increase post-menopausal responsiveness by hormone therapy have not been 
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successful to any degree, and in general diiiical I’eaiilts suggi^t that any concept 
of human hex drive as solely dependent upon ovarian secretions is “an over- 
simplification of an extremely complicated and subtle reaction” (267). The 
major importance of psychological factors is strongly indicated by reports of 
sexual rehabilitation resulting from i^ychiatric treatment (91). 

In connection with the depressing effects of piogesterone upon citrous behavior 
in some lower nrtn.TnTnn.lifln species it is of interest to note that this hormone is 
said to decrease the desii’e for intercourse in women (146). 

2. Testicular hormone in the male. Androgen administration results in the 
restoration of normal copulatory behavior in pre- or post-puberally castrated 
male rabbits (125), guinea pigs (219, 265, 275), and rats (219, 266) . The progres- 
sive change in sexual behavior which accompanies daily treatment of castrated 
male rats is precisely the reverse of the modifications that follow removal of the 
testes. Initial injections evoke an increase in the frequency of incomplete mat- 
ings. Continuation of hormone treatment calls forth complete copulation with 
intromission, and lastly the ejaculatory response is restored (46, 50, 296). Data 
of this sort niustrate the important point that the intensity and completeness of 
sexual behavior depend in port upon the level of gonadal hormones, a conclusion 
corroborated by reports of several investigators (71). For example, aJthou^ in 
the absence of hormone treatment the pre-puberally castrated male chimpanzee 
may display frequent copulation with intromission, the administration of 
androgen is necessary to occurrence of ejaculation (79). 

It is abundantly clear that the concmitralion of testis hormone just adequate 
to elicit a given mating response in castrated males varies from one animal to 
another, and individual differences of this sort ore definitely related to sexual 
responsiveness prior to operation (50, 296). In tests conducted before hormone 
treatment pre-puberally castrated male rats exhibit wide differences in respon- 
siveness to the receptive female; and when t^tosterone propioimte is adininis- 
tered individuals that were highly reactive prior to treatment tend to copulate at 
lower dose levels than do those which showed little or no sexual activity in the 
absence of androgen (46). This observation suggests that males which respond 
to comparatively small amounts of hormone are individuals in whom the nervous 
mechanisms for sexual arousal are relatively excitable even when hormonal 
facilitation is lacking. 

Among males as among females there are some individuals who fail to show 
sexual behavior although the histologioal condition of the accessory organs 
indicates that gonadal hormones are secreted in normal amounle. Male rats of 
this type sometimes copulate when the concentration of endogenous hormone is 
augmented by administration of androgon (31, 294), and this suggests that the 
ongjnal failure to mate may have been due to relative insensitivity to normal 
hormone level on the part of the neural mRp.haniHnnp involved in arousal and 
manifestation of sexual excitement. 

It has been recorded that some human males suffer noticeable reduction in 
sexual capacity and desire following Ic^s of the test^ ; and in many such coses the 
administration of androgenic hormone ri^nilts in increased frequency of erection. 
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intensification of sexual drive, heightened, capacity for intercourse, and the 
appearance of erotic dreams (73, 141, 303). It is worthy of note that in men as 
in the males of other mammalian spedies the degree to which normal sexual 
function is restored vaiies T\ith the dose level of the hormone (150, 241). 

3. Response of immature anvnals to gonadal hormones. At an earlier point it 
was noted that prc-pubescent males and females may display adult copulatoiy 
responses when the immature gonads are stimulated to precocious secretory 
activity by the administration of gonadotrophins; and here it can be added that 
similar behavioral c h a ng es are evoked by direct application of gonadal steroids. 
Sexual mounting appears in male rats as early as sixteen days after birth when 
androgen is administered on the fourteenth day; and females injected with estro- 
gen show lordosis at twenty-one days, although in the normal course of develop- 
ment this response does not appear until a month or so later (43). 

In like fashion the administration of estrogen to the immature bitch is followed 
by the appearance of all signs of estrus including willingness to accept the male 
(189). Copulatory behavior has not been observed, but there is proof that the 
sexually-stimulating qualities of the very young female chimpanzee are markedly 
increased by estrogen treatment. Although adult males show little sexual inter- 
est in normal infantile females, proximity to an estrogen-injected female less than 
two years old is reported to have elicited intense excitement in an adult male as 
evidenced by the prompt occurrence of erection followed by masturbatory 
responses with ejaculation (104). 

The facility with which testicular and ovarian hormones stimulate adult 
copulatoiy pcofonnance in immature rodents points again to the oonclusicm that 
the neuro-muscular organization for sudi reactions is completed long before 
mating behavior nonnally appears, and that the absence of any feminine respon- 
ses in pre-adolescent females and the mcomplete nature cf the pre-pubescent 
male’s sexual activity ore due primarily to lack of appropriate hormonal 
facilitation. 

Althou^ the mechanisms for mating appear to be completely organized rela- 
tively early in life, and although they frequently can be rendered functional 
under the influence of exogenous hormone, their sensitivity to hormonal efleots 
is not fully developed during the period of infancy. On the contrary, behavioral 
responsiveness to endocrine secretions appears to be low in the very young infant 
and to increase post-natally in much tl^ same fashion as does the sensitivity of 
such other elements in the reproductive complex as the uterus, vaguia, prostate 
and seminal vesicles (243). 

Kew-bom guinea pigs respond to tactile stimulation of the rump with the 
exhibition of lordosis and opisthotonus in a manner typical of the adult estrous 
female (60), and this indicates that the essential neuro-muscular units are fully 
organized pre-partum. Presumably the post-partum heat responses, which per- 
sist for only a few hours, are due to the temporary effects of maternal hormones. 
In any event it has been shown that females seven days old fail to display heat 
responses when injected with ovarian hormones, even thou^ the dosage be very 
high. Exahiinations repeated at regular intervals show a rapid increase in 
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sensitivity to the hormones vpith masdmal responsiveness appearing at about 
thirty days after birth and continuing for two years (316). The progressive 
chan^ in reactivity is not due to endogenous ovarian secretions, for it occurs in 
individuals spayed at birth. The female rat is similarly refractory to ovarian 
hormones during infan(y, and in this species maximal sensitivity is also attained 
about the thirtieth day after birth (316). 

I have suggested quite tentatively that the absence of mating behavior in 
pre-puberal females of lower species, and the relative infrequency 

and incompleteness of copulatory r^ponses in males of the same species are due, 
not to nervous system deficiencies, but to lack of appropriate hormonal facilita- 
tion. Now if, for the purpose of expoation, this view is accepted, it provides 
supplementary evidence in connection with previously-mentioned differences in 
the extent of pre-puberal sexual behavior shown by primates and non-primates. 
There is, so far as I am aware, no reason to believe that the testas and ovaries 
reach an adult level of secretory function at an earlier developmental stage in 
primates than in non-primates; and accordingly the more complete copulatory 
activity of immature male and female monkeys, apes and humans may be inter- 
preted as a function of the relatively greater importance of cerebral factors in the 
sexual life of higher forms. 

D. Hormond Factors in Bisexual Mating Behamor. In a preceding section 
of this review it was pointed out that under certain conditions male and female 
mammals may display portions of the mating pattern of the opposite sex. Such 
behavior has commonly been “explained** as a product of heterologous gonadal 
honnones, and rarely has sufficient emphasis been placed upon other variables 
which are equally powerful in determining the type of sexual activity that will 
occur in a i^ven situation. From what has been said previously it should be 
apparent that the appearance of a particular mating response is affected by the 
pattern of external stimulation and by the functional characteristics of the 
neuro-muscular constitution as well as by the chemical nature of tho facilitating 
hoimcnal agents. Only when all of these factors are taken into account is it 
possible to formulate an adequate interpretation of the execution of masculine 
reactions by genetic females and feminine responses by mal^. 

At thts point it will be profitable to consider first the hormonal interpretations 
of bisexual behavior, and then to consider a more comprehensjlve anab/sis based 
upon less restricted views of the physiologioal basis for such phenomena. 

1. CofMcpte oS spec^ficUy and antagonism in the b^iamoral effects of ovarian and 
tesHeulaT hormones. Evidence derived from a variety of sources h^ led to the 
formulation of theories which hold that the effects of gonadal hormones are highly 
specific, that only ovarian hormone can stimulate female morphological and 
behavioral characters, while testicular secretions are solely re^onsible for 
masculine bodily structures and overt reactions (192, 217). 

a. Spontaneous or experimental gonad reversal. Tnmsformation of an ovary 
into a testis and the converse change are fairly common occurrences in members 
of some sub-maTTfunalian classes (82, 89), and morphological isdterations of this 
type are sometime accompanied by corre^onding reversal of the overt fwTnifl.1 
behavior. Experiments with Tnammalian material surest that surgical ex- 
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change of masculine and feminine gonads may induce like results. Qvarieo- 
tomized does bearing implanted testes behave sexually like the mature buck 
(191), and castrated male rats (278, 279, 280) or guinea pigs (274, 282) into which 
ovaries have been grafted esdliibit estrous rehouses typical of the females of 
their species. Spayed female guinea pigs contaming active testicular grafts 
re^ond to normal estrous females by displa3rii^ many elements of the masculine 
mating pattern (215, 282). 

b. Administration of heterologous gonadal hormones. Changes which are re> 
ported to occur in mating behavior following the administration of cmdrogen to 
females and estrogen to males lend support to the belief that gonadal secretions 
exert hi^y specific influences upon sexual activities. 

The administration of androgenic preparations occasions the appearance of 
certain masculine copulatory responses in female rats (15, 180, 295), rabbits (170), 
dogs (54), and sheep (84) ; and castrated male rats treated with estrogen show 
various elements of the female mating pattern (14). 

This sort of evidence indicating a high degree of ^ecifidty in the behavioral 
effects of ovarian and testicular hormones is buttressed by additional data which 
su^st that the execution of masculine sexual reactions is inhibited by estrogen, 
while androgen tends to depress feminine mating r^ponses (282). It is stated, 
for example, tiiat the responsiveness of male dpgs to the bitch in heat is lowered 
by estrogen treatment (222); and men ^ven estrc^enio substances are said to 
experience a decrease in sexual desire (100, 121, 220). 

2. Evidence against concepts of antagonism or complete spedfwHy. Althou^ 
there is no doubt that the behavioral effects of androgen and of estrogen are 
quite distinguishable mid relatively spedfio there are definite limits to such spec- 
ificity; and theories of antagonistic action are definitely questionable. 

a. MoMng behavior of intersex individuals. Intersex pigs with feminine ex- 
ternal genitalia and lateral hermaphroditismus always attempt to copulate in 
masculine fashion althou^ they may display some of the signs of estrus (26) ; 
and hemi-castrated male gu^iea pigs with cme testis and one implanted ovary 
mate in masculine or feminine fashion, “according to the animals with whom 
they are brought into contact” (259, 281). I have recently discovered in my 
finiTnfl.1 colony several Norway rats in which the external genitalia consist of a 
greatly hypertrophied clitoris and a penetrable vaginal opening. The internal 
reproductive organs of some of these individuals include one ovary and an ovi- 
testis. Mating responses are bisexual, and either male or female copulatory 
patterns may appear under appropriate external stimulation. 

The sexual behavior of intei^rade pi^ and of naturally-occurring or experi- 
mentally-produced hermaphroditio rodents shows that individuals bearing tes- 
ticular and ovarian tissue may display overt mating reactions of both sexos, 
and such observations are difficult to reconcile with any oono^t of antagonism 
between the behavioral effects of ovmian and testicular hormones. How then 
are we to interpret the reported inhiHtion of masculine sexual bdtiavior by 
estrcgen administration, and the diminutimx of feminine mating reactions by 
androgen? 

In the first place, none of the experimental reports d^cribing results of this 
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nature include satisf^torily objective or quantitative behavioral records to 
support the conclusions advanced; but even if such data were available, the 
ftlftim for an antagonistic effect of heterologous hormones would not be justified. 
A more reasonable interpretation rests upon the established fact that admm- 
istration of exogenous gonadal steroids tends to depress the gonotrophic functions 
of the anterior pituitaiy and thus to interfere with the production of endogenous 
testicular or ovarian secretions (217). 

The explanation proposed here would account for an observed decrease in 
sexual behavior following treatment with heterologous hormone as a result of 
lowered concentrations of endogenous gonadal agents. Support for this inter- 
pretation is found in reports that the implantation of ovarian tissue in the intact 
male guinea pig is followed by a decrease in the secretion of testicular androgen 
(270). Furthermore, men in vdiom sex drive has been lowered by estrogen 
treatment may experience a revival of libido when gonadotrophic substance 
are administered (142), — a result strongly suggestive of initial interference with 
hypophyseal stimulation of the testes. 

b. Biaextud reacHona in TMrphalogicaUy normal animals. Even more con- 
vincmg evidence against theories of extreme specificity or antagonism in the 
bdiavioral effects of gonadal secretions is to be found in descriptions of mas- 
culine mating responses shown by morphologically normal female mammals 
and, less frequently, the display of feminine sexual reactions by untreated males. 

At an earlier point in this review I have referred to the male-like mounting 
and execution of pelvic thrusts shown by female rats (IS, 29, 36, 51, 163, 180), 
hamsters (reviewer’s observations), guinea pi^ (329, 331), rabbits (158), 
porcupines (265a), short-tailed shrews (232), marten (204), dogs and cats (re 
viewer’s observations), African lions (88), swine (3), cattle (327), rhesus monkeys 
(76, 149) and chimpanzees (55, 325). Some writers have suggested that thi- 
type of behavior in females is caused by androgen (163), possibly of ovarian 
origin (284). However such suggestions seem to be based upon no more than 
an a priori assumption that the appearance of masculine sexual responses 
demands the presence of androgen. 

There are several lines of evidence which seem to argue against the theoiy that 
masculine coital responses in the female are a product of ovarian androgen. 
For example, spayed heifers display mounting behavior (which is a common 
element in the normal estrous pattern of this species) when they are injected 
with estrogen (la). The male-like mounting responses of the female guinea pig 
are dependent at least in part upon ovarian secretions, for the frequency of such 
reactions is correlated with the number of maturing follicles (329). In addition, 
this behavior is induced in the spayed female by the administration of estrogen 
and progesterone; the same hormones which elicit sexually-receptive reactions 
(331). However, althou^ the female’s masculine sexual activity and feminine 
receptivity seem to be controlled by the same endocrine substances, it is impor- 
tant to note that in some individuals the male b^vior appears in the absence of 
heat (328); a finding which has been taken to indicate that different nervous 
mechmiTRma are involved (327). Ovarian secretions are not essential to mas- 
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Guline copulatoiy re^onses in the fenude rat. There is no lelationdbip between 
such bdhavior and willingness to receive the male, the frequency of male 
reactions is not affected by pre- or pc^puberal ovariectomy (61). 

Feminine mating reactions are sometimes i^own by r^e rats (29, 289), 
hamsters (reviewer’s observations),rhesusmoi]LkeyB(149)andchimpansees(55). 
Only in the rat has the hormonal basis for such behavior been studied (47). 
The sin^e animal described responded to receptive females with prompt and 
vigorous copulation, and reached the point of ejaculation much more quickly 
than the majorily of males of the same strain. When mounted and pupated 
by other males the e^erimental aniTiaa.l shifted immediately to the feminine 
coital pattern. The feminine reactions were intense and complete and included 
hopping, ear-vibration and deep lordosis. 

When the male was castrated the feminine mating reactions disappeared in 
leso than a week, while masculine sexual reactions underwent the gradual decline 
which is characteristic in the adult castrate. Subsequent administration of 
androgen revived masculine copulation and ejaculation, and restored most of 
the feminine reactions although the latter were sluggishly executed. Injections 
of estrogen and progesterone evoked the complete feminine pattern as well as 
most of the masculine responses, but the ejaculatory rcBex was lacking. 

It appears that piior to operation bothftmiuine and masculine sexual patterns 
w'ere supported by testicular secretions; and the results of post-operative hormone 
treatment further indicate that androgen w’as capable of stimulating both types 
of behavior. The capacity of ovarian hormone to facilitate female behavior is in 
accord with evidence presented earlier; and the partial revival of masculine re- 
actions under the inffuence of these substances receives more detailed censidem- 
tion in the followiag pai’agraphs. 

c. Paradoxical effeds of gonadal hormones. Simplified theories proposing 
complete behavioral specificity of estrogens and androgens are further thrown 
into question by experimental data which demonstraie that feminine sexual 
behavior may bo increased by administration of androgen and that masculine 
reactions are sometimes intensified under the influence of estrogenic treatment. 

Pre- or post-pubei’ally castrated male rats characteristically show incomplete 
mating responses, and complete copulations occasionally occur. If estrogen is 
injected the frequency of both incomplete and complete contacts rises noticeably, 
although the ejaculatory reaction is not i-evived (1 4, 37, 38) . Estrogen has been 
observed to evoke male behavior m females as well as males. Anestrous ewes 
tiuated with estrogenic hormone tease and ride other females in ipasculine 
fashion (166, 157, 211), and the implantation of estrogen pellets in iieifers is 
sometiines accompanied by such bull-like behavior as roaring, pawing the ground 
with the fore-hoofs, and pursuing and mounting estrous females (157). The 
masculine copulatory reactions of these estrogen-treated females include pelvic 
movements so vigorous that they culminate in a high proportion of pelvic frac- 
tiues (119, 120). Eemoval of the hormone pellets is followed within three or 
four days by disappearance of the masculine sexual responses. 

Complementary data are found in reports of the stimulalion of feminine 
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copulatory peifonnance by androg^. Untreated, spayed female rats show no 
estrous reactions. If androgen is injected into such ftniTnAlH they exhibit strong 
tendencies toward the masculine sexual pattern in response to receptive females, 
and, in addition, they display lordosis when mounted by other rats (18, 37, 163). 
Some clinicians report that lack of sexual desire and low responsiveness in inter- 
course may be treated more effectively in the human female by androgen than 
by estrogen (145, 147, 268). Androgen may also facilitate feminine sexual per- 
formance in the genetic male, for normal male rats injected with massive doses 
of testosterone propionate continue to execute masculine cdital responses to the 
estrous female and be^ to display feminine reactions when mounted by other 
males (33). 

3. Hormones and human ^^homosexwdity” . The term “homosexual” hna been 
employed in so many different frames reference and with so many different 
connotations that its scientiffc validity is questionable, and its use is apt to de- 
tract seriously from a clear imderstanding of human sexual behavior. It would 
be fruitless in this discussion to attempt any original definition, or to describe 
the variety of contradictoiy definitions which have been sponsored by earlier 
writers. For present purposes it is sufiicient to observe that there are human 
adults who appear to be capable of sexual arousal and genital activity only when 
stimulated by members of their own sex, and who feel either indifference to or 
active revulsion for heterosexual contacts. On strictly hypothetical grounds 
some writers have attempted to account for such behavior in terms of an in- 
sufficiency of homologous gonadal hormone and/or a hyper-normal concentration 
of heterologous secretions (133, 134, 140, 167, 194, 238). This theoretical point 
of idew is difiScult to reconcile with the consistent failure of attempts to “cure” 
the condition by hormone treatment (297), and with the additional fact that 
administration of androgen to male homosexuals tends to increase the frequency 
of their sexual activity with other men (134). « 

Recognition of the obvious contribution of experiential factors to the struc- 
turing of human sexual activity imses serious double as to the directive influence 
of gcmadai hormones in homosexuality (110, 130). The guiding effects of train- 
ing and experience are refiected in the fact that the preferred sex rdle and the 
direction of sexual desire in human hermaphrodites tend to be in accordance with 
the up-bringing of the individual (as a “boy” or “girl”), and are relatively in- 
dependent of internal or external reproductive morphology (116). One study of 
84 “p«udo” and ‘^true” hermaphrodites revealed a high correlation between 
the form of overt sexual expression and the manner in which the person had been 
raised; whereas there was a much less marked relationship between sexual be- 
havior and the character of the gonads. The author interpreted his findingH to 
mean that, “while the jpower of the htunan sex drive may possibly be largely de- 
pendent upon physiolo^cal factors, such as the quantity and/or quality of sex 
hormone secretion, the direction of this drive does not seem to be directly de- 
pendent upon constitutional elements” (106). 

The potent in flu enc e oi individual experience is not restricted to overt sexual 
behavior, but i^oects equally the more generalized expressions of sex such as 
those measured in psycholo^cal tests of “masculinity” and “femininity.” 
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Application of the Terman-Miles “M-F” test to human sex intei^rades revealed 
that in many cases the final score inclined heavily on the side contrary to biolog- 
ical sex (305). 

E. R6le of Non-Gonadal Hormones in Sexual Behavior. The conclusion is 
inescapable that the secretory products of several endocrine glands must exert 
indirect influences upon the sexual behavior of male and female mammals, but 
supporting evidence as yet is scanty. 

1. ArUerior jntuitary. Pituitary control of sexual activity appears entirdy 
indirect, being lunited to the stimulation of secretory activity mthin the gonads. 
This influence, however, is of primary importance; and hypophysectomy dim- 
inates mating in the male rat (250, 274) unless the testes are maintained by ad- 
ministration of gonadotrophic substances (273). The possibility that the go- 
nadotrophins might be directly essential to sexual behavior is contra-indicated 
by the survival of normal mating reactions in hypophysectomized male rats 
(150, 225) and female cats (198) treated with testicular and ovarian hormones 
respectively. 

2. Adrenal cortex. Steit)id hormones secreted by the adrenal cortex are known 
to possess certain androgenic properti^ (68), and it has been suggested that some 
cases of survival of sexual behavior in castrated men may be due to cortical 
androgens (151). Althougjh it is purely speculative a comparable explanation 
might account for the masculine copulatory behavior shown by ovariectomized 
female rats (51). The latter point is one which could and should be attacked 
experimentally. It will be recalled that progesterone is reported to depress 
sexual desire in women, and at this point it may be added that desoxycorti- 
costerone acetate is said to exert similar effects (146). 

3. Thyroid, Thyroid secretions appear to affect sexual activity pnmarily 
if not exclusively by way of systemic changes in metabolic function. Male 
rats display no mating behavior after removal of the thyroid, but thyrcddec- 
tomized females of this species ore capable of fertile breeding (118, 251). This 
may be compared to similar inter-sexual differences in the importance of the 
cerebral cortex to the copulatory activity of male and female rats. It appears 
probable that thyroidectomy is followed by reduction of general activity and 
lowered responsiveness to external stimulation in male and female alike; but 
because hers is the more passive mating rdle the female’s sex reactions may be 
adequate for reproduction despite such loss; whereas in the male the depressing 
effects of the hormonal deficiency obviate the occurrence of sexual arousal which 
is essential to his copulatory performance. 

A pre-puberally thyroidectomized bull is reported to have shown complete 
lack of mating behavior m adulthood (233). Ejaculates obtained from this 
aniTUftl were used successfully in artificially inseminating estrous cows, and this 
indicates that the spermatogenic functions of the testes were nomoal. Sexual 
arousal and copulatory behavior followed the administration of desiccated thy- 
roid, dinitrophenol or testosterone propionate and the variety of the effective 
substances suggests that initial lack of sexual excitability was merely one re- 
flection of a generalized metabolic disturbance. 

4. Thymus. Presently available evidence give us little reason to believe that 
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the thymus has an 3 rthmg to do with sexual behavior. Kemoval of this body 
during infancy has no effect upon the breeding behavior of mole or female rats 
during adult life (237). Although one experimenter has concluded that admin- 
istration of thymocrecin reduces sexual responsiveness in the estrous female 
rat, the published report includes no quantitative measures of sexual receptivity, 
and both experimental and control grouiM were very small (70). 

F. Loc\(8 and Nature of Hormonal Adion. Evidence concerning the ways in 
which glandular secretions bring about changes in behavior is fragmentary and 
in most cases inferential, but a brief exposition of the principal recognized and 
suspected types of hormonal influence will serve to illustrate the problems in- 
volved and may suggest potentially fruitful areas for future investigation. 

By virtue of their systemic effects products of several endocrine glands exert 
indirect control over the behavior of organisms. For example, because of their 
profound influence upon metabolic processes, secretions of the thyroid are 
essential to any and all behavioral r^pons^ which depend upon normal meta- 
bolic function. In the present discussion, however, such generalized glandular 
effects will be taken for granted, and attention will be confined to the more spe- 
cific influences exerted by testicular and ovarian hormones upon courtship and 
mating. 

1. Loci of adion. a. Extrorneural effects. Gonadal hormones stimulate 
growth and development in various secondary sex structures which subsequently 
are employed in the execution of behavior^ responses. Such effects are par- 
ticularly evident in sub-inammalian forms. The advent of breeding coloration 
and gonopod developnient in certain fishes, hypertrophy of nuptial pads and 
vocal apparatus in male salentia, extrusion of '‘courtship teeth” in salamandria, 
and development of the copulatory organ in male birds of the order Ansiformes 
depend upon secretions from the sex ^ands (49). 

Thou^ usuaJb'’ less prominent, the secondary sex characters of mammals 
are m many cases under the influence of testicular or ovarian hormones. The 
final stages of antler growth in the male 'Virginia deer depend upon testicular 
androgen (319), and during the rutting season the buck employs these hormo- 
naUy-stunulated structure in his battles mth other adult moles. The out- 
standing example of specific growiih effects produced in mammals by testicular 
and ovarian hormones is seen in the simulation exerted by these glandular prod- 
ucts upon the accessory reproductive structures; and some authors seem inclined 
to believe that it is by this means exclusively that gonadal secretions affect 
behavior. Thus, one writer suggests that the most probable rdle of the testis 
hormone in the sex behavior of the rat is that of “fostering normal growth and 
development of the reproductive or^ms and perhajw maintaining a general 
‘sex tonus’ ” (314). 

Such an extrmne view is negated by evidence presented above to prove that 
sexual reactions may occur in the alienee of the accessory reproductive tract. 
However, it is true that in the intact animal sensations ariring from genital stimu- 
lation play an important part in the generation of intense sexual excltmnent. 
Furthermore it is known that gonadal hormoneB are essential to normal growth 
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of the copulatory organ. In the male rat, for example, penis growth is markedly 
inhibited by castration at birth. Animals subjected to this operation respond to 
androgen treatment in adulthood with the execution of numerous incomplete 
copulations ; but because of their inf aniile phallic organs such individuals rarely 
achieve intromission and cannot attdn the peak of arousal ftHB Rntml to ejacula- 
tion (50). Here then is an illustration of the indirect Tnanripr in which hormones 
may affect behavior by controlling the development of an essential effector 
structure, and it seems highly probable that additional examples of this type 
of effect will be demonstrated by future experimentation. 

b. Effects within the nervous system. Gonadal hoimones appear to exert the 
major part of their behavioral effect by way of the nervous system, althou^ 
presently-available evidence does not permit any definitive statement as to the 
exact locus of hormonal action. It is conceivable that the sex ^and secretions 
might influence behavior by altering the functional capacity of sensory receptors, 
but data to support such an assumption are lacking,^* and the most probable 
loci of hormonal effects appear to lie within the brain and spinal cord. 

Some experimentalists have concluded that estrogen controls mating responses 
in the female cat by virtue of its effect upon short-arc reflexes in the spinal cord 
(197) ; whereas other authorities prefer to believe that the influence of the hor- 
mone is exerted principaUy upon the integrative mechanisms of the diencephalon 
(24). Until our understanding of the neural basis for sexual behavior is more 
nearly complete, and until there is convincing evidence to indicate the limits of 
hormonal action, it would appear saf^ to assume that gonadal honnones affect 
all of the nervous units involved in mating activity.*® 

It has been explained that erection of the penis is mediated by low spinal 
circuits (23, 24), and there is reason to believe that androgen directly affects 
these primary nervous mechanisms. For example, completely decorticate 
male rats injected with large amoimts of testosterone propionate exhibit constant 
erection, although they give no indication of sexual excitabilily and are totally 
unresponsive to the female in heat (46). Similar hormone treatment of the 
human male may be followed by pria^^m even in cases in which there is no 
increase in sexual desire (91). 

It is clear that reproductive secretions also affect supraspinal levels, for studies 
of estrogenic effects in docorcbi'ate female mammals indicate that ovarian hoi^ 
mones alter the functional capacity of midbrain mechanisms involved in the 
integratiem of the separate motor responses of copulation (24, 94). 

It haa been reported that a condition of olfactory hyper-aooity ooours in women twenty- 
four to forty-ei(^t hours before the onset of menstruation and pendsts until seversl days 
after the cessation of flow (107) . Whether or not this altered sensitivity has any honoonal 
basis it is impossible to decide, but the possilnlity is evident. 

*® It seems probable, however, that sensitivity to hormonal facilitation varies ffom one 
sexual mechanism to another. It is known that different morphologiQal sex eharacterB 
require different amounts of gonadal hormone for normal development 036), and it is quite 
likely that triTni1n.r differences exist between various behavioral units, with the result that a 
concentration of hormone sufficient to support one element in the total mating pattern may- 
be too low to affect certain other segments of the sexual response. 



288 


FBAKE A. BIQACH 


Finally, it is to be noted that gonadal hormones influence activity within 
still other neural structures which contribute to sexual function without mediate 
ing any of the overt reactions comprising courtship or coition. When intact 
male rats are injected with androgen thmr responses to the estrous female ore 
not materially altered. The promptness with which mating is initiated, the 
frequency of copulation, and the rapidity with which ejaculation occurs remain 
essentially unchanged. However, the hormone does exert a profound effect 
upon susceptibility to sexual arousal which is reflected in the increased variety 
of stimulus animals capable of evoking Tnating attempts on the part of hor- 
monally-altered individuals. Thus, although untreated males are likely to mate 
only with the receptive female, the administration of testosterone propionate 
is followed by repeated and persistent attempts to copulate with diestrous 
female rats, anesthetized females, other males, and even with immature female 
guinea pigs (34). The tendency to become sexually aroused is markedly in- 
creased by androgen although the nature of copulatory reactions is not changed. 

It seems probable that in humans the action of gonadal hormones upon higher 
nervous mechanisms may be at least partially responsible for the marked increase 
in erotic dreams described by castrates during periods of androgen treatment 
(91),*^ and for the increased pleasure in kissing and embracing members of the 
opposite sex which is often experienced under therapy (212). 

2. Nature of effect, a. Alteration of thresholds. At the present state of knowl- 
edge theories concerning the probable nature of hormonal effects upon nervous 
tissue me highly speculative, but the more widely accepted suggestions deserve 
at least some consideration. Proposals that gonadal hormones “erotioise” the 
nervous system (71, 282), or “activate” (17) or “energize” (64) nervous patterns 
are too vague for objective analysis; but it is possible to deal critically with more 
eiqilicit suggestions such as those to the effect that endocrine secretions actively 
stimulate nervous discharge in various circuits or cMiters (90, 249), or inhibit 
neural activity within one region or another (111, 168). 

In the main, theories of the latter type receive only limited support, and the 
majority of writers on this subject have sufK^ted that hormones neither stimu- 
late nor inhibit nervous processes, but instead act as “sensitizers,” lowering the 
threshold of particular neural elements to afferent stimulation (23, 40, 187, 230, 
253, 265, 331). Direct support for hypothecs of this nature is lacking although 
some suggestive data are available. It is known, for instance, that in cases of 
adrenal insufficiency the irritability of the sympathetic system is drastically 
reduced (159). 

b. Boats far selective action. Even if it were possible to demonstrate conclu- 
sivdy that one hormone increases the stimulability of nervous tissue whereas 
another fails to do so, there would remain the necessity of explaining the relatively 
specific behavioral effects exerted by secretions from different ^ands. Any 
adequate theory would have to account for the fact that in either males or fe- 

Alffiooi^ part of this psyoMo change may be traceable to inoieased genital activity 
daring deep. 
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males androgen tends to enhance masculine sexual reactions, ■while estrogen 
affects primarily the feminine mating pattern. 

In essence this means that a particular biochemical agent exerts a strong 
effect upon one nervous mechanism and has at most only a mild influence upon a 
second one ; while a different chemical substance is without effect upon the first 
mechanism but plays intensely upon the other neural circuit. Neuro-chemical 
relationships of this general type are "well kno'wn in physiology. Various anal- 
gesics such as cobra venom reduce the sensitivity of nerve endingp for pam with- 
out affecting other types of cutaneous reeep'tor o]i^ans (195). PresuWbly the 
differential rei^onse of various nervous elements to a given compound is due to 
biochemical differences within 'the nervous structures ■fchemsdves, and if thin jg 
the case it provides an e^qilanation for the relative ^ecificity of hormonal effects 
upon behavior. 

It is possible that the neural circuits and centers involved in the Tinedifl.tioT> of 
feminine copulatory responses differ not only structurally but also biochemically 
from those resimsible for masculine sexual reactions. Furthermore, the mech- 
anisms concerned 'with feminine coital performance may be, by reason of their 
characteristic biochemical properties, especially sensitive to estrogen; whereas 
the mechanisms for masculine responses, having a different biochemical co(Dstitu- 
tkm, may be assumed to possess an affinity for androgenic compounds. 

When the castrated female is injected with estrogen 'the hormene reacts with 
the nervous elements contributing to feminine mating behavior in such a manriBr 
as to increase their sensitivity to afferent stimulation, and sexually receptive 
responses appear. In similar fashion androgen incTeases the sensitivity of the 
mechanisms for masculine behavior m the castrated male. At the some time 
both sexes poKiess central nervous arrangements capable of mediating mating 
responses typical of the opposite sex; and therefore when androgen is injected in 
the genetic female, or when estrogen is administered to the male, the particular 
nervous mechanism which is sensitive to that chemical substance reacts promptly 
and the corresponding sexual pattern appears under conditions of appropriate 
external stimulation. 


SUMMABY 

The evidence reviewed in foregoing pages serves first to emphasize the pressing 
need for more intensive investigation of the physiology and psychology of sexual 
behavior. Existing data are too fragmentary to support any final conclusioiis, 
but a recapitulation of the more important aspects of our subject can be formu- 
lated in general terms providing it is expMtly understood t^t all such geneiv 
alizations are extremely 'tentative and may be subject to n'umerous exceptions. 
As a matter of fact, recognizing the many lacunae in present-day knowledge, 
and realizing 'the prevalence of contradictory findings, no author could hope 
that his interpretations would pro-ve to be more than rou^^ approxiinations 
of the truth. 

A. Neurological Bvidmee. 1. Many of the discrete sensory-motor oompaBents 
of the complete copulatory pattern are mediated by nervous dreuitB lying withia 
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the spinal cord. This holds true for males and females and for all mammalian 
species -n'hich have been studied. Various genital reflexes and certain gross 
postural adjustments characteristic of coital activity survive and can be experi- 
mentall}' elicited in chronic spinal preparations. In the normal animal these 
spinal mechanisms are of course subject to facilitative and inhibitive influences 
from higher nervous levels. 

2. Integration of the separate I'psponse units into a biologically effective 
behavior pattern is achieved by supra-spmal nervous elements. In the case of 
female rodents, lagomorphs and carnivores this function is carried out by mecha- 
nisms lying abo\^ the cord and below the cerebrum. Certain relatively restricted 
hs-pothalamic regions appear to be intimately involved in this activity. In 
any event it is evident that decerebrate females of the above-mentioned orders 
are capable fertile mating with normal males. This docs not mean that the 
female’s sexual behavior is unaffected by decerebration; nor does it indicate 
that the normal individual’s coital performance is independent of cerebral 
influence. Evidence to the contrary is available. 

3. Nothing is known concerning the identity of sub-cortical, supra-spinal 
mechanisms which may contribute to the integration of the male’s sexual re- 
sponses. 

4. In male rodents the cerebral cortex appeal’s to be indispensable to sexual 
arousal, although so far as is kno^^n this part of the brain makes no essential 
contribution to the organization of the motor acts of copulation. 

6. Studies of male cats indicate that extensive neo-palliol injury interferes 
with various sensor 5 ’'-molor adjustments involved in coitus; and this undoubtedly 
is due to the fact that in carnivores the motor and sensoiy cortices have assumed 
a larger r61e in the control of all types of voluntary activity. The totally de- 
corticate nude cat shows no sexual behavior, and gives little or no evidence of 
excitement when placed ^rith a receptive female. The absence of sexual response 
in the decorticate male cat stands in striking constrast to the survival of copu- 
latory performance in the decerebrate female of this species. 

6. The extensive dependence of finer sensory-motor co-ordinations upon corti- 
cal centers in the primates makes it appear probable that in the monkey, ape, 
or human large scale injury to the neo-pallium would render copulation ex- 
ceedingly difficult if not impossible. However, experimental proof for this 
assumption is lacking. 

7. It is known that stimulation of particular cutaneous receptors, located in 
the genitals and elsew'here, contribute in major fashion to the intensifioation of 
sexual excitement; but the stimuli involved in pre-contact arousal are less well 
understood. 

8. There is litUe direct evidence to reveal the sensory basis for sexual arousal 
in female mammals. It is established that female of several sub-primate spe- 
cies are capable of fertile copulation after combined removal of the end-organs 
for vision, olfaction and auffition; but it seoms quite probable that a broader 
approach to the problem would reveal deficits in the total mating pattern of 
such drastically desensitized individuals. AH that has been demonstrated is that 
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they respond appropiiately to the stimulation provided by direct bodily contact 
^^itll a sexually active male. 

9. Sexual arousal in n^les of lover Tnfl.mTnH.1mn species appears to depend, 
not upon a single, critical type of sensory cue (such as odor of the female in heat), 
but upon a pattern of stimulation involving simultaneous and repetitive activa- 
tion of several receptor systems. No single type of end-organ is essential pro- 
viding others remain. 

10. Incidental observations suggest that in male and female primates the 
arousal of complete sexual excitement ordinarily rests upon stimulation of most 
of the major receptor structures. 

B. BehomorcH Evidence , Laboratory experiments dealing exclusively with 
behavior, and non-experimental observations reported by clinicians, commercial 
animal breeders and others provide a heterogeneous body of data much of which 
supplements the neurological findings summarized above. 

1. In many animal species there is a close behavioral relationi^p between 
sexual arousal and various other emotions. Sexual responses tend to appear 
in emotionally-charged but non-sexual situations, and a variety of types of 
excitement may lead to active sexual behavior. Com^ersely, susceptibility to 
normal sexual arousal is subject to inhibition by fear, anxiety, etc. Findings 
of this nature indicate a fimctional rdationship between the central nervous 
mechanisms for sexual activity and other neural units involved in non-sexual 
emotions. 

2. A series of inter-eexual difference between male and female mammals of 
several sub-primate species provides evidence which supports certain condusions 
drawn from neurological investigations. 

(a) The sexual arousal of the male tends to be inhibited in a strange environ- 
ment, or in a familiar environment which has previously been associated with 
painful stimulation; but comparable inhibition occurs much leas frequently in the 
female. An environmental context in which heterosexual copulation has been 
experienced exerts a facilitative effect upon sexual responsiveness in the male, 
but does not do so in the female. Once arousal has occurred the male becomes 
relatively unresponsive to extraneous, non-sexual environmental stimuli; whereas 
the female is capable of carrying out her sexual r61e and simultaneously attending 
to other aspects of the total situation. 

(b) Among rodents, carnivores and ungulates the male begios to show incom- 
plete copulatory responses long before puberty; while the female displays none 
of the adult feminine sexual pattern until the first estrus. 

These and other differences between sub-primate males and females are 
thought to be due in large measure to the fact that the male’s sexual behavior is 
intimately influenced by the cerebral cortex, while the mating performance of the 
female is less directly dependent upon the neo-pallium. 

3. Certain inter-eexual differences and similadties in the mating behavior of 
male and female primates throw some li^t upon the nervous basis for repro- 

(a) hiale and female monkeys, apes, and humans indulge in extensive and 
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frequent pre-puberal sex play; and in young chimpanzees and children such be- 
ha\dor may proceed as far as heterosexual copulation with intromission and pelvic 
thrusts. This phyletic increase in precocious sexual manifestations is regarded 
as a product of the higher developinent of the cerebral cortex and the increasing 
importance of this brain region to the mating activity of both sexes. 

(b) Eeproductively mature but sexually inexperienced female chimpanzees 
which are placed with a breeding male during the period of fertility react to the 
consort’s copulatory advances in biolo^cally effective fashion, and coition 
usually is carried out without difficulty or delay. In contrast, sexually inex- 
perienced adult males of this species seem unable to effect union with the recep- 
tive female at the first opportunity, and a long period of practice and learning is 
necessary before the male is capable of normal copulatory adjustments. This 
inter-sexual difference is taken to be a refiection of differential importance of 
higher nervous mechanisms in the coital activities of the two sexes. 

4. Females of many primate and sub-pnmate species often mount other 
females that are in heat, executing pelvic thrusts and otherwise behaving in 
masculine fashion. Such females display no morphological abnormalities of the 
reproductive system, and the capacity for masculine copulatory performance is 
regarded as an integral element in the feminine behavioral repertoire. Males of 
several species respond to the sexual advances of other males with the display of 
feminine copulatory reactions. Individuals which exhibit temporary inversion 
of the mating r61e revert promptly to the coital pattern of their own sex when 
opportunity is offered. The e\ddence is assumed to indicate an underlying 
bisexuality of the genetically-determined neuro-muscular constitution in both 
sexes, although in all cases structural and functional factors impose definite 
limits upon the completeness of bisexual mating behavior. 

5. Behavior involving auto-genital stimulation is common to male and female 
mammals. In sub-primate species this activity consists chiefly of manipulating 
and licking the external genitalia during pre- and inter-copulatory intervals ; but 
in the primate manual and oral masturbation occurs in a variety of situations 
and may continue to the point of orgasm. In observations of this type if is 
possible to discern a biological or evolutionary basis for certain auto-erotic 
practices common to human beings. 

C. Hormonal Evidence. There are several lines of evidence to prove that 
gonadal hormones exert specific and powerful effects upon sexual behavior in all 
mammalian forms. 

1. In seasonally-breeding specie the occurrence of intense and complete 
sexual performance coincides with periods of maximal secretory function in the 
testes and ovaries. In year-round breeders the male is continuously active 
sexually, while the female’s periods df receptivity occur when mature f oUicles are 
present and the estrogen level is high. The r^tionship between ovarian con- 
dition and sexual behavior is clear-cut in females of lower mammalian species, 
but the female monkey shows some willingness to receive the male at times when 
the ovaries do not contain ripe follicles; and even greater emancipation from 
hormonal control is seen in the mating activity of the female chimpanzee, who 
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exhibits periodicity of responsiveness but may permit copulation at any stage of 
the ovarian cycle. The highest degree of freedom from ovarian direction of sex 
desire obtams in the human female in whom non-hormonal factors exert at least 
equally important effects. These observations suggest a progressive, phylo- 
genetic decrease in the importance of ovarian secretions to sexual drive in female 
mammals, and it has been su gg ested that this change is directly related to the 
increasing contribution made by bi gbAr nervous mechanisms. 

2. Bemoval of the ovaries promptly and permanently abolishes sexual behavior 
in females of sub-primate species, and administration of ovarian hormones 
restores normal mating responses. Gonadectomized chimpanzees continue to 
display some copulatoiy behavior after operation, although the surviving sexual 
activity is less frequent and intense than that exhibited by the intact individual 
during the period of maximal genital swelling. Administration of estrogen to 
spayed apes occasions sexual swelling and the restitution cf full copulatory 
behavior. Ovariectomized human females may experience a reduction in sexual 
desire and capacity for complete coital r^ponse; but in many cases no post- 
operative change is noted, and in either event the effects of replacement therapy 
are not at all predictable. Here again are indications of an evolutionary decrease 
in the importance of gonadal hormones to feminine receptivity, a change which 
may be related to progressive increase in the control exerted by the cerebral 
cortex. 

3. Gk)nadectomy in adult males of sub-piimate species results in fairly rapid 
loss of the more complete forms of copulatory behavior, although in many indi- 
viduals incomplete coital responses perrist indefinitely. In all oases adminis- 
tration of androgen restores normal sexual behavior. Copulation with intro- 
mission survives indefinitely in some castrated male chimpanzees, but androgen 
must be administered if the ejaculatory reaction is to appear. Among castrated 
humans individual differences are pronoimced, but for years after operation many 
men suffer little reduction in sexual ability. In the male as in the female it 
appears that advancing phyletic status may be associated with progressive 
reduction in the importance of gonadal hormones to fuU sexual performance, 
and this change is regarded as a function of increase in the reliance of sexual 
functions upon higher brain centers, particularly the cerebral cortex. 

D. Conduding Comments. In the course of mammalian evolution several 
changes m the physiological basis for sexual beha-vior appear to have taken place. 
Increase in the size and complexity of the neo-cortex has been accompanied by 
progressive enoephalization of sensory-motor fimctions induding many of those 
involved in courtship and mating. Concomitantly the subceiebral mechanisms 
which originally were capable of ma diati-ng sexual responses have come to be more 
and more dependent upon facilitative impulses from functionally associated 
circuits lying higher in the nervous system. Progressive enoephalization cf 
various sexual activities has resulted in increasing variability and modifiabiliiy, 
both of the types of stimuli adequate to elidt sexual activity and cf the overt 
forms cf behavior by which sexual exdtement may be expressed. PInally, 
denTdopment of incieaediig dependence upon facilitation from the neo-pallium has 
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in some measure freed the more primitive sexual mechanisms from strict control 
by gonadal hormones. 
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RECENT ADVANCES IN THE STUDY OF BIOIXXHCAL COMPETITION 
BETWEEN STRUCTURALLY RELATED COMPOUNDS 

D. W. WOOLLEY 

The Rockefeller Inatitutey New York City 

During the past few years campomids which are structurally similar to^ 
but biologically antagonistic to metabdically important substances, have been 
synthesized in the laboratory or found to esist in nature. These agents which 
act in competitian with vitamins, hormones, or other metabolites exhibit their 
effects by the production of signs of deficiency of the metabolite to which they 
bear structural resemblance. This situation has excited extensive study not 
only because of the li^t such a subtle relationship may throw on the mechanism 
of biochemical reactions, but also because some investigators have seen in it 
the possibility of udng the findings as tools in pharmacology, biochemistry, 
or microbiology. Therefore, a review of existing knowledge of the phenomenon 
of Gompetiticm between structurally related compounds may be advisable at 
this time. 

Several excellent reviews dealing with this subject have appeared (17, 18, 
3, 115, 159, 160) and these have recounted in some detail most of the experi- 
mental findings up to the summer of 1945. Therefore, no attempt ^vill be made 
to reiterate that which has been said several times before. However, new infor- 
mati(m has come to light in the intervening time, and furthermore, sufficient 
delineation and integration have occurred to warrant further discussion. 

Let us examine a typical case of the competition between a metabolite and 
its structural analog so that we may have a point of reference in attempting 
an imderstanding of the problems. The metabolite thiamine and its structural 
analog pyrithiamine proAude an example m which many of the features common 
to the phenomenon may be clearly seen. The formulae of this pair of compounds 
are shown in figure 1. The two differ in that the thiazole ring of the vitamin 
is replaced by a pyridine ring in the pyrithiamine, that is, a S atom is exchanged 
for — CH:CH — . Pyrithiamine was first prepared by Tracy and Elderfield 
(161) in the antidpation that it would have thiamine potency, but in testing 
for such activity Robbins (121) found that for two spedcs of thiamine-requiring 
fungi it was harmful rather than beneficial. Woolley and White (116), who 
were interested in the phenomenon of cranpetition betv'cen stnicturally related 
compounds, then fed pyrithiamine to mice, and observ'ed that signs character- 
istic of thiamine defidency were produced. The deficiency syndrome appeared 
with greater speed and more pronounced intensity, and sharper definition of 
the typical manifestations of avitaminosis Bi than had ever been achieved in 
mice by mere restriction of thiamine intake. Hypeiinitability, unsteady 
gait, head retraction, convulsions (initiated by twirling the animal while it was 
held suGpended by the tail head downward), prostration, loss of wei^t and death 
have been seen frequently in various animals reedving no Ihiatnine in the diet, 
but usually only a few of these signs may be observed in any one ^cies, and 
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with mice, usually only the latter two are noted. However, the entire sequence 
followed the administration of pyrithiamine. The basal diet fed to these 
contained adequate thiamine to mamtain health in the absence of the drug, 
and when a further quantity of the vitamin was added, the action of the drug 
was prevented. Furthermore, administration of thiamine cured mice which 
had been affected by pjTithiamine. 

Now, the toxicity of pyrithiamme (i.e., its ability to call forth signs of thiamine 
deficiency) depended on the ratio of pyrithiamine to thiamine in the diet, and 
not on the absolute amount of the dmg. The effects of 100 lethal dc^s were 
completely prevented by increasing the thiamine content of the diet 100-fold. 


W— 


N— CH I - 

11 II H /“C-CHeCHaOH 

c c— c— nC I 


H—QqHB-liBP 
lyffithiamine Thiamine 

Fig X. Structuial foimulae of thiamine and pyrithiamine 


TABLE 1 


Response of mice to various doses of thiamtne and pyrithiamine 


nsiiHiuim 

imuoNc 

ANWAU SHOmND 

rsuenaKnr notrs 

AvxKAxs cHuna: 
or 'Wi:n]ax 

gvnmaperday 

gamma per day 

percent 

grams per week 

0 

1.6 

0 

4-3.0 

600 

1.6 

100 

-0.2 

300 

1.6 

100 

+1.9 

100 

1.6 

100 

+2.6 

100 

2 0 

76 

+2.4 

50 

2.0 

0 

+3.3 

000 

61 C 

0 

+3.1 

2.000 

60 0 

0 

+3.6 


In other words, pyrithiamine and thiamine competed with each other over a wide 
range of concentration for the functions of the latter in the mouse, and were 
thus antagonistic structural analogs. Data to illustrate this point are shown 
in table 1. 

The biol<^cal effects of pyrithiamme were not limited to the action on mice, 
for the drug proved to be capable of inhibiting the groA^ih of a variety of yeasts, 
molds, and bacteria (117). In preventing the growih of such forms the some tjiie 
of competition with thiamine was found as had been observed with mice. Since 
the microbiostasis could be prevented by increasing the thiamine content of 
the media, the action of the agent could be said to reside in its ability to cause 
thiamine deficiency of the organisms. In much of the work on the competition 
between structurally related compounds, bacteria and other microorganisms 
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have been used as test objects to demonstrate the antagonism. This has been 
due partly to the fact that such forms make possible more rapid, and usualty 
more quantitative assays than those with laboratoiy animals. Screening of 
many substances for a given activity is thus facilitated. 

Not all microorganisms were inhibited in growth by pyiithiaznine. Only 
those species which needed thiamine (or its constituent pyzimidine and thiazole 
parts) as essential growth stimulants were susceptible to its action. The drug 
was thus a highly selective inhibitor of microbial growth since it distinguished 
between Ihose organisms which required the vitamin and those which did not. 

Competitive relationships between metabolites (vitamins, honnanes, and other 
biologically active compounds) have bem observed for many years. Perhaps 
the most outstanding observation was that of Woods (20) in 1040. He showed 
that the bacteriostatic action of suTfanilamide was reversed by the structurally 
related p-aminobenzoic acid. The relationship between the drug and the 
metabolite was competitive over a wide range of concentration, so that, just 
as we have seen above, the activity of the sulfanilamide depended more on the 
ratio oi it and p-aminobenzoic acid than on the absolute amount present. At 
the time of Woods’ work, p-aminobenzoic acid was not known to be a metabo- 
lite, but he ^owed that the natural inhibitor of sulfonamide action (which was 
present in yeast) had properties similar to those of this substance. Shortly 
after his postulation of the r61e of this compound m metabolism abundant proof 
was forthcoming from varied sources (162, 163) to substantiate his claim. Not 
only was p-aminobenzoic acid found in many living cells, but it was shown to 
be an essential nutrient for some microorganisms, and finally to be an integral 
part of the vitamin pteroyl glutamic acid (folic acid) (164). 

As a result of his observations, Woods proposed the idea that sulfanilamide 
and its derivatives owed their bacteriostatic action to the competition which 
existed between them and the metabolite p-aminobenzoic acid. The bacteria 
were thus effectively deprived of the latter, and in such condition were unable 
to thrive within the host. 

The discovery of the relationship between the sulfonamide drugs and p-amino- 
benzoic acid was not the first example to be observed of competition between 
structurally similar compounds, but it was one of the most important because 
it offered an explanation for the mode of action of a set of new and dramatic 
therapeutic agents. The practical importance of the drugs was sufficient to 
stimulate interest in the further investigation of a phenomenon (i.e., that of 
competition) which previoudy had be^ noted incidentally and somewhat 
casually (3, 115). 

In looking back over the literature one frequently finds experimental obser- 
vations which were baffling to their di^overers, and uncongenial to the modes 
of biochemical thought at the time, but which now seem understandable, or 
at least reconcilable in terms of the present knowledge of antagonism between 
structurally similar compounds. One interesting example of this is the claim 
of Kuhn (42) that the sex hormone of certain algae was not a compound, 
but rather a manifestation of a ratio between two structurally allied oarot^oids, 
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CM- and irons-dimethyl crocetin. Sex was determined by the ratio between these 
anal(^. Specific biological effects had been attributed so universally to single 
and (fistmct chemical substances that even in 1940 when these results with algae 
were summarized they sounded somewhat heretical. Some investigators have 
come to feel now, however, in view of the demonstrable competition between 
androgen and estrogen in hi^er animals, and the undoubted structural simi- 
larity and coexistence of these hoimones in nature, that sex even in higher 
animals may in part be an eiq)ression of competition between related structuieB 
(116). 

Since 1940, antagonistic analogs have been sou^t with such industry that 
there is at least one for each of the water-soluble vitamins, and for two of the 
four fat-soluble ones, and for certain hormones, amino acids, porphyrins, and 
purines. Usually for each of these metabolites there is not one but several 
types of inhibitor, differing qualitatively in their biological effects. Because 
most of these cases have been reviewed adequately elsewhere (17, 18, 3, 115, 
169, 160) nothing will be gained by reiteration. Nevertheless, for purposes 
of reference and of orientation Table 2 has been compiled to show which metabo- 
lites have been converted into antagonistic compounds by alteration of their 
structures, and the types of change which have been found effective. The table 
includes information publi^ed sinoe the last review of the subject as well as 
the older examples. 

General Consideraiiona. (a) Ccmcerning reversal. The surest indication that 
the antagonistic effects produced by a structural analog are due to the com- 
petition of that analog with its related metabolite is the ability of the latter 
to reverse the action of the agent. The evidence is strongest when over a con- 
dderable range of concentraiions a constant ratio exists between the amaunts 
of the two related compounds which just counterbalance each other. This ratio 
which is known as the inhibition index (117) is a constant for many of the cases 
listed in table 2. It is so, for example, with the sulfonamide drugs and p-amino- 
benzoic add, and with pyrithiamine and thiamine. However, it doesnot hold uni- 
versally. The situation with 3 ,3'-methylenebiB-(4-hydro^-couinarin) and vitsr 
min Kwill serve to illustrate this point. With this pair of compounds it is possible 
to demonstrate (142, 165) that the pharmacological action of the former in 
bringing about the signs of vitamin K defidency is reversed by sufficient amounts 
of the latter, but this is only true over a restricted range of concentratiQn of the 
drug. As the quantity of the drug is increa^d, a point is soon reached beyond 
which it is not possible to adiieve such reversal. Furthermore, there is no evi- 
dence to show that the inhibition index (117) is a constant even over the limited 
range where reversal can be demonstrated. 

An additional obscurity in this case is the fact that very lar^ amounts of 
vitamin K are required to antagonize the action of the drug. About 25 mgm. 
of the vitamin must be used to erase the effects of 10 mgm. of the drug in a rat. 
This means that the inhibition index is less than 1 . For most inhibitoivmetabo- 
lite pairs the index is much greater than 1. 

Another example of this atypical behavior is to be found with 2,3-dicihloro- 
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TABLE 2 


pdetcAolites and structural analogs tohich have been found antagonistic to them 


HXTABOUXE 
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STBtJCTDSAl AITSSATIOH 

BJOLOOICAL 8X8TUC 
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KEIBXBKCES 

Acetic add 

Fluoro-aeetic aid 
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Acetate oxidase 

ISS 
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1, 2,3 


atires 

tions 
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Triaaolopj'rimidinea 

NforC 

MicrooiganiBins 

4 

^Alaiune 

/j-Amino-butyrio add 

CEiforH 

Yeaat 

B 


Propionic add 

H for NHt 

Bacteria 

187 


Aspancine 

COOH for H; CONH* for 

Yeast 



t 

COOH 



«- Alanine 

Glycine 

HforCH* 

Bacteria 

7 

Amino acids 

o-Amino-flulfonio acids 

SOiH for COOH 

Bacteria 

8,9 


Other amino adds 


Bactm'ia 

10, 7, 11 

Aspartic add 

Hydroxj'-aspartic add 

OH for H 

1 

Bacteria 

13 

Aacorbio add 

Gluooaacorbio acid 

Addition of CHOH and opti- 

Animals ; liver ensymee 

IS, 14, 15 



cal invisdon 



p-Aminoben- 

Sulfanilamide and deriva- 

SOiNHi or derivative for 

1 Mleroorganisms 

18, 17, 18, 10, 

soic add 

lives 

COOH 


20, S3 


P'Ammo bensamide , 

CONHj for COOH 

Bacteria 

21,22 


Carbaraone and rdated 

As for C in a COOH group; 

Mioroorganigine, ani- 

21, 28, 24, 28, 


amenicola 

derivatives of this 

mala 

26,27,28 


Fhoaphanilic acid 

POsH* for COOH 

Microoiganisms 

186 


Heteroo}’dio adds, e^., 6- 

N or S for C 

Bacteria 

29 


ammo-nicotinic add 
Sing-Bubstitated PAB 

Halogen or alkji for H 

Bacteria 

30, 29, 81 


p-Amino-acetophanone 

COB for COOH 

Bacteria 

28.33 


and dcriratives 
p-Nitrobensdo odd 

NOi far NHi 

Bacteria 

184 

Biotin 

Desthiobiotin and derira- 

2HforS 

Microorganisms 

34, 38, 30, 37 


tivca 

Biotin auUone 

SOa for S 

Microoiganismfl • 

85 


Uieyleneayclohex}-! oli- 

2 C for S; and derivativeB with 

Microorganisms 

30,40 


pbatic adiid 

shortOT aide chains 




Desthioieobiotin 

Loss of S, geometric isomerism 

Insects 

78 

Choline 

Tclothyl ohdine 

3 ethyls fm 3 methyls 

Frog musde, mice 

41 

Cocarboxylasa 

Thiamine-thiozde pyro- 

Lobs of pyrimidine portion 

Carboxylase 

125 


phosphate 




die- or tnma- 

Trans- or eis-crocetin di- i 

Geometric isGanerism 

Algae 

42 

crocetin di- 
methjd eater 

methsd estor 




Fdieadd 

See Ptnoyl alutamie add 




Glutamic add 

Methionine aulfoadde 

SOCH* for COOH 

Bacteria 

43,44 

Guanine 

Trianlopyrtmidines 

NforC 

Bacteria 

4 


Beudmidaxole 

2 C for N 

Mterowganfama 

2 

Histamine 

Imidaaole and derlvatiTce 

Fillmination or substitution of 

Smooth muscle, hbta- 

17. 45. 48, 47. 



pert of the mdeoule 

mine shook in aaU 

48, 49, SO, 




mala 
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HEXABOLCB 

AlUliOO 

BTBUCTUItAT. tT-TWATWnC 

BioLoaicu amni 
AJnXCZBD 

SBisnscsa 

HypOTnnthiiift 

Hydraxy-truudo-pyriml- 

dine 

NteC 

Bacteria 

4 

InddLeaoedo 

add 

Phenyl butyric add 

Elimination of N and ebift d 
one C 

Plants 

6S 

Inoaitol 

Heraehloroaydobeixane 

6 Cl for 8 OH 

Yeoat 

S4 

l^euoiiie 

Leadne 

Faettion iaomeriem of one CHi 

Baotoia 

U 

Xkdeuoina + 
valine 

Phenyl alanine or nor-leu- 
dne or nor-valine 

CiH( for alkyl podtian ieo- 
xneriem 

Fungi 

ae 

1 

Leadne 

d-Laaoine 

Optical in version 

Bacteria 

87 

Lgnine 

Arahdne 

Ouaziidiiio for ftizdnoy ciliiojiut* 
tion of CHs 

1 Fungi 

88 

Uediioiiine 

Uefthoadnine 

O for 8 

Bacteria 

4 


SSthionine 

CHifor H 

Bacteria, animals 

89.60 

Niootinio add 

Pyridine-8-sulfonie add 

SOtH for COOH 

Ani* 

81, 68, 88, 64. 

{ae amide) 

(or amide) 


Tnnlii 

85, 88. 87 


8-aostyl-pyridine 

OOCHiforCOOH 

Animab, not in mioro- 
organiama 

88,68 


5-thiaade carboxamide 

S for CH-CH 

Certain baotiria 

65. 69 

Eontothenlfl 

Thlopanio add (pantoyl 

SOiH and doriTatives for 

Microorganfama, pan- 

70, 71, 78, 87, 

add 

taurine) and derivativea 

C!OOH 

totheaiate utilisliig 
enaymee, not animate 

7», 74, 78, 
76, 77, 79, 
80, 81, 82, 
85,8,86,88. 
98,98 


Pantothenyl dcohd 

CHrOH for COOH 

MictoatganhmB, not 

84,87 

i 

€f or/i-Methylpentothenie- 
add 

CHifor H 

MlcrooTganismw 

88, 80,303 


Substituted panto-amidee ' 
odier than the above 

Alkyl or OH- and MHi-alkj'l 
for CHiCHiCOOH 

Microorgaoieme 

90,91 


Phenyl pantothenone 

COCtHt for COOH 

Hicroorganiania 

94, 05, 3, 06 


Salicylyl ^-alanine 

o-hydrozy-benaoyl for pantoyl 

Mioroorgoniama 

97 


t 

<<( 

1 

1 

1 

CHi for H 

Bacteria 

180 

Phenyl alanine 

/}>Hydroxypbenyl alanine 

OH for H ! 

Bacteria 

98 


Thimtyi-alaaine 

S for CH-CH j 

Microorganiama 

99. 88, 100 

Porphyrins 

aadiae 

hematinand 

protopor- 

phyrin 

Porphyrins lacking vinyl 
groupe 


Bacteria 

101 

Ptaroylidnta- 

Pteroyl-triglutainie add 

Addition d tiro glutamic adde 

Transplanted tumom 

109 

mio add 

Xanthopterin 

Loea of p-amino-benata^l gluta- 
mic add 

Transplanted turnon 

IQS 

Pyiidosine 

DeaoKypyridoadne 

H for OH 

ChiokeoDS 

108 

Bibofla;vin 

S, 7-diehlor(Hriboflavin 

8 Cl for a CE« 

Mteroorganiaina 

104 


leociboflsvln 

Shift in poeitian of CHi 

Animals, not bacteria 

105,110 


Comepondlng i^eeaaaine 

a C for 8 N. 3 NHt for 2 OH 

Microocvmispia, ani- 

innh 

106, 100 


Qalaotoflavin 

Duldtjd for ribityl 

Animals 

107 


Lomifla^'in 

CHiforribityl 

Bacteria 

108, 100, 904 


Anbofiavin 

Invecdon of poeition of OH 

Anhnda 
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TABLE 2r-Conduded 


lorrABouxB 

eiUKoo 

BXHTCnnua ALTBSAXtOH 

vtOLocaca Bsssat 
AmCXBD 

smaxHCBS 

Soodnio aoid 

Malmiio add 

Loaa of CHi 

Suodnio osldaae 

111 


Bulfonated Buodnie aoid 

SOiHforH 

Buodnio aridaaw 

113 

TwtostegroDe 

Ehhadiol 

Benieoe ring for cjyrinhennme , 
ring 

Animals 

118, lU, 115 

Thiamine 

Fyiithiamine 

CH-CHforS 

1 

Ajiiinala, microorgan- 

l«rm« 

no, 117, 118, 

US, ISO, 
131,301 


Oxsrthiamine 

OHftf NHs 

aae 

133 


Bniyl thiamine 

Butyl for CHa 

Animala 

128 


AminobeoLBylmethyl-thia- 
lolium ohlande 

3 C for 2 N,loei of aide dudnB 

Fish th.amtwniift 

184 

Thymine 

S^bBtitated pyrlmidinoB 

OH or NO* or Br for CHi 

Bacteria 

138 

o-Tooopherol 

flt-ToccQihccQl quinona 

Opening of nnc by addition of 
HaO 

Animals 

187 

Thyrozina 

Ethen of diiodotyroaine 


TadpolM 

128 

Tryptophane 

Indoleaarylio add 

Ixm of NHi 

Baetena 

130 


Naphthylaerylic add 

liOM of NHa. C«C for N 

Bacteria 

180 


Btyrjdaoetic BOid 

Lou of NHa, aubatitutian of 
aUphado unaatonited dde 
ohain for pyrrol ring 

Bacteria 

180 


ft-methyl-tryptophone 

CHa for H 

Bacteria 

181 

Uraoll 

Borbiturio acid 

OH for H 

Bacteria 

183 


Thlouraoil 

SforO 

Bacteria 

188 

Vitamin E 

Dicoumarol and dorivo' 
tivea 

0 for C, aide ohain alterations 

Animala 

184, 185, 186, 
187, 188, 
180, 140, 

141. 143, 

148. 144, 
145, 146, 
147, 148 


lodinin 

3 N for 8 C, aide chain altera- 
tions 

Bactaria 

149 


o-Toeopberol qoinone 

8 CHa fw boiiene ring 

Atiimola 

127 


3, S-diohloronaphthoquir 
none 

3 Cl toe alfcyi aide chain 

^timy<rgQ.WTimfia 

160, 161 


3eofaBtltutBd>S-hydroxy- 

naphthogninonea 

OH for H, diange in alkyl Bub- 
Btltoent 

Animala, not bacteria 

162, 168 


naphthoquinone and the structurally siznilar vitamin K. Here, too, competition 
can be demonstrated over only a narrow range of concentration and with only 
certain ^des (151). A plausible e^qtlanation of this case was given by the 
finding that the vitamin itself was harmful in large doses (151). However, 
there are examples of the failure to demonstrate typical competition where this 
explanation of toaioity of the metabolite cannot be applied. 

'Why, then, are sudi cases included in a discusdon of competition between 
Btructiirahy related compounds? In the fib^ place, several of these questionable 
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analogs call forth in animals many of the si g ns characteristically associated 
Tvith a deficiency of the metabolite to which the drug is structurally related. 
For example, 3 ,3'-methylenebis-(4-hydro:^-coumarin) brings about subcutaneous 
hemorrhages, and prolonged blood dotting-time attributable to decrease in 
the plasma prothrombin. These are typical manifestations of avitaminosis K. 
Again, a-tocopherol quinone causes pregnant mice to fail to produce young in 
a manner similar to that seen in tocopherol deficiency (127). Hence, despite 
the failure to reverse these effects with the vitamin there is some reason to relate 
the action of the drug to an interference with the biological action of the metabo- 
lite. However, in the cases of mere inhibition of microbial growth by an anal(^ 
of a metabolite, the response (i.6., inhibition of growth) is too nonspecific to 
link the action of the drug with that of the metabolite unless reversal the 
effect of the former by the latter can be demonstrated. 

In the second place, the ability to demonstrate competitive reversal frequently 
depends on the selection of the proper species or biological ^3rBtem. Take 
for example the classical case of the sulfonamide drugs and p-aminobenzoic 
acid. Althou^ the competition of these substances in producing bacteriostasis 
has been demonstrated abundantly with a wide variety of species, Tamura (166) 
has shown that no reversal of sulfonamide action occurred with B, tularensis. 
Again, Woolley and CoUyer found (94) that phenyl pantothenone prevented the 
growth of all microbial species examined, but that reversal of this effect could 
be achieved with the related metabolite pantothenic acid only in those forms 
which were stimulated to grow by the vitamin. With the non-pantothenic acid- 
rec[uiring microorganisms the vitamin mis unable to reverse the inhibition of 
growth. If only organisms not recpiiring the vitamin had been examined, 
what would have been concluded about the action of the drug? 

In view of these a^cts, it seems that while reversal of the action of a structural 
analog by increased amounts of the metabolite is the acid test, it is not an entirely 
sufficient one. In deciding which cases shall be accepted to membemhip in 
the phenomenon of competitive inhibition, and which shall be excluded, no single 
criterion will suffice. Just as with the definition of enzyme action (115), here, 
too, one must content himself with desmpHons of features common to many 
individual cases but not necessarily shared by all. Nature is not a series of 
discrete quanta of phecomena, but rather a continuous gradation of them. 

(&) Dependence of antagonistic acHon on nutritional requirement. Frequently 
an analog is found to be antagonistic to a metabolite only if the latter is a nu- 
tritional requirement of the organism with which the test is being conducted. 
For species which do not need the metabolite in their food, and can synthesize 
it themselves, the analog has no detectable effect. Thus thiopanic add affects 
<mly certain bacteria which will not grow without pantothenic add, and pyri- 
thiamine retards the growth of microorganisns only if they demand an exogenous 
supply of thiamine or its constituent thiazole and pyrimidine parts (117). 
Many exceptionB to this generalization are known. For example, the sulfon- 
amide drugs, phenyl pantothenone and its derivatives, benzimidazole and its 
derivatives, and 2,3-dichloronaphthoquinone act against organisms irrespective 
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of their nutritional requirements for the related metabolites. Some antagonists, 
such as phenyl pantothenone or glucoascorbic acid (13, 14), exhibit properties 
midway between these extremes, for although they affect organisms without 
regard to nutritional requirements, their action is reversed by the related metabo- 
lite only when the particular organism needs the latter as a growth factor. The 
case of phenyl pantothenone was mentioned in this respect in section (a) above. 
That of gihicoascorbic acid will illustrate a similar phenomenon in the animal 
kingdom. This substance produced a disease resembling scurvy in both mice 
and guinea pigs, but the condition was prevented by ascorbic acid only in the 
latter, or ascorbic acid-requiring, species, and not in the former, or vitamin 
0-^thesizing animals. 

The explanation of the dependence of effect on nutritional requirement may 
be different for the several inhibitor-metabolite pairs for which it has been 
observed, but at least in the case of pyrithiamine the mechanism has been eluci- 
dated (118). Those forms which do not require thiamine, and which are able 
to thrive in the presence of the drug, possessed a system, presumably enzymic, 
which split the drug into its pyrimidine and pyridine parts in the same fashion 
as thiamine may be cleaved at an analogous point into its psaimidine and thiazole 
halves. Organisms which could not synthesize thiamine did not possess this 
ability to destroy the agent, at least not in appreciable amount, and hence weie 
subject to attack. 

Another insight into the relationship between nutritional requirement and 
effectiveness of an agent may be had in the case of organisms which need folic 
acid. Most such species are rather r^istant to the bacteriostasiB exerted by 
sulfonamides. Now, p-ominobenzoic acid is a part of folic acid, and presumably 
is used to form the vitamin. If the sulfonamides compete with p-aminobenzoic 
acid in this synthesis, organisms which cannot perform the reaction anyway, 
and must depend on the medium for Iheir folic acid, would be expected to be 
less affected by sulfonamides. Although such a correlation between folic acid 
requirement and sulfonamide resistance actually does exist (167), it is probably 
only one aspect of susceptibility to these drugs. 

(c) Spectrum of antagonistic action of analogs. Gradations of activity ranging 
from full vitamin potency to strong antagonism may be observed if several 
compounds and organisms are examined. This fact must be borne in mind 
in the formation of any hypothesis for the mode of operation of antagonistic 
structural analogs. As one examines the data available at present he con see 
three a^cts of this situation. !Elrst, a sin^e inhibitory structural anal(^ 
may either be antagonistic or have weak metabolite activity when tested on 
the some organism. Which one of the two opposing effects is manifested is 
determined by the concentration of the agent. For example. Pollack (88) 
found that a-methyl pantothenic acid would inhibit growth of L. casein but that 
as the concentration was raised a stimulatioa of growth similar to that caused 
by panthothenio acid was produced. Bhive and Snell (90) confirmed this finding, 
and observed Rimilar situations with certain other iohibitory structural analogs 
of panthothenic acid. The alight vitamin potency of the analogs, weak as it 
was, was sufiBicient to prevent the achievement complete bacteriostasis because 
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at the h i gh levels of agent w’hich would have been necessary to bring this about, 
the pantothenic acid activity of the compound made itself felt. Kuhn et al. (22) 
similarly found both inhibitorj' and stimulatory actions of p-aminobenzamide 
on bacteria. Likewise, Woolley (128) observed that the p-nitrobenayl ether 
of N-acetyl diiodotyrosine not only was an antagonist of thyroxine as measured 
on tadpoles, but also in the absence of the latter compound, it was weakly 
active as the hormone. Just as in the previous example, this metabolite acthuty 
of the analog at high concentrations limited the realization of total antagonism 
of the hormone. 

Secondly, in a homologous series of compounds, some may show positive 
metabolite activity' and others may be antagonistic. A good illustration of 
this is found with derivatives of thiamine which differ in the nature of the alkyl 
side chaiu at position 2 in the pyrimidme ring. The vitamin has a methyl 
group at this point, and, of course, has full metabolite potency. The ethyl has 
less, but still some vitamin activity. However, the butyl compound competes 
with thiamine for functions of the latter in rats (123) . In this example, the shift 
from metabolite to anti-metabolite activity is more striking than in the usual 
coses because with changing structure there is a gradual progression from full 
to partial activity’’, and then to antagonistic potency'. 

Thirdly, a single analog may' be active in some species as the metabolite, 
and in others it may be antagonistic. For example, desthiobiotin is able to re- 
place biotin in promoting growth of Sacdiaromyces cereomae, but acts in com- 
petition with the vitamin in the growth of LoGtobadUus casei (34, 35, 36). Why 
this should be so has been explained by Dittmer and du Vigneaud (35) who 
showed that the yeast converted destiiiobiotin to biotin by the insertion of a 
S atom, while the lactobacillus could not do this. If the former organism had 
been unable to effect the conversion it might have succumbed to the antagonistic 
effects of the analog just as tlid the bacterium. In similar vein, Woolley (118) 
has shown that when Endomyces vernalis was made resistant to pyrithiamine 
by' continued culture in the presence of the drug, it acquired the povi'er to use 
pyrithiamine in place of thiamine at the same time that it became insusceptible 
to the inhibitory action of the analog. As was discussed above, resistance 
was acquired by development of the ability' to split pyunthiamme into its pyrimi- 
dine and pyridine halves. Since the pyrimidine was the same os that in thiamine, 
and since for Endomyces this fragment possessed full ^'itaImn activity, the organ- 
ism used it as a growth factor. Similarly, although desoxypyridoxin was a 
powerful competitor to pyridoxin in the chick (103) it possessed no activity for 
the rat’, and for lactic acid bacteria it had weak vitamin potency' (168). 

The mere ability of some oiganisms to convert on antagonistic analog into 
the metabolite as in the examples given above, is not the sole e:splanation of 
the varied susceptibility of species. For example, when the S atom of biotin 
was replaced by an 0, the resultmg analog, axybiotin, w'as found to have vitamin 
activity equal to that of biotin for some organisms (169), sli^t potency for 
others (ITO), and none at all for still otheis (171). Indeed, it w'as actuaHy' 

^ Reoendy soxoe aatipyridoxia activity of this compound iu rats has been demunsfcrated. 
(Porter, C. C , I. Clark and R. H Silber, J. BioL Chem. 187: 673, 1947). 
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toxic for certain forms althou^ this toxicity was not demonstrated to be due 
to competition with biotin. However, no conversion of oxybiotin to biotin 
could be ^own in those microorganisms which used it in place of the naturally 
occurring vitamin (172). Again, the ethyl analog of pyridoxin (2-ethyl-3- 
hydroxy-4,5 dimethylol-pyridine) was found to replace the vitamin for tomato 
roots (173) but to be an anti-pyridoxin in certain fimgi (174). It is unlikely 
that the tomato roots utilized the compound by exchanging the ethyl for a 
methyl group. 

Pinally, the ultimate example is provided by the work of Emerson (175) 
who ^owed that by long continued cultivatian of a Neurospora in tbe presence 
of sulfanilamide, a strain was secured for which sulfanilamide was a nutritive 
essential, and p-aminobenzoic acid was an inhibitor of growth. In the parent 
strain the reverse mtuation obtained since the sulfonamide was the toxic com- 
pound. 

(d) HypoQiesM concerning mechanim. Of the various hypotheses proposed 
to esplam why structurally similar compounds should compete with each other 
in biolo^cal systems, Ihe one which fits the observed facts best and which has 
been most stimulating to further discovery is the one which pictures metabolite 
and inhibitory analog contending for the specific part of a protein, possibly an 
enzyme, with which the metabolite normally reacts. Some facts observed 
experimentally require modifying assumptions in order to conform to this view. 
One such fact is that subinhibitoiy concentrations of ant^cmists such as sulfanil- 
amide or pyiithiamine (117, 115) frequently cause stimulation rather than 
inhibition so that it is necessary to assume compensatory mechanisms at work 
in the cell in order to reconcile the observation with the hypothesis. However, 
when one views the large body of evidence which is best explained by this view 
of mechanism, and recalls how productive it has been of new findings, he is 
persuaded that until a better working hypothesis comes along he will hold this 
one as true. This is especially so when one remembers that rival explanations 
such as the one that metabolite inhibitors exert a narcotic effect (176) have been 
rather sterile. Let us then examine the favored hypothesis. 

According to this view, a metabolite functions by first combining with a par- 
ticular cellular unit which is usually regarded as an enzyme or possibly some other 
specific protein. The unicm of a substrate with its enzyme would be an analogous 
reaction, and indeed, the metabolite in this rdle should be regarded as a substrate. 
The combinatlan then proceeds to pass throu^ a second metabolic reaction 
or a chain of reactions with a new compound (or substrate) which is transformed 
and the metabolite is either regenerated or changed into another substance. 
The cycle of alterations undei^ne by cozymase in tran^orting hydrogen would 
be an example of such a process. Now, in order for the first step to occur, 
the metabolite must possess certain structural features, and the firmness of combi- 
nation with the protein is determined in part by these. A amilarly constituted 
compound is able to undeigo this combioation, but siaoe its structure is not 
identical with that of the metabolite, its firmness of union will be dijfferent. 
The canjugate of analog and protein is, however, a new and foreign compound 
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and is unable to proceed through the rest of the (^de of reactions. Lilrp the 
fabled dog in the manger the analog denies the oi^anism the use of the metabolite 
and thus creates a deficiency of the latter. 

The union of metabolite and protein or of analog and protein is a reversible 
one usually, so that relative concentrations and relative cambining power of 
metabolite and analog determine which one shall enjoy the protein. Since 
the metabolite usually has the greater combining power, less of it tha-n of analog 
will saturate the protein. Therefore, as was pdnted out before, the inhibitian 
index is generally greater than 1. As the concentration of analog is increased 
in the presence of a constant amount of metabolite, a point is reached at which 
the protein unites with the former rather than with the latter substance, and 
inhibition of the metabolic function results. If the amount of metabolite is 
then raised, the analog is dislodged and normal function is resumed. If an 
analog diould be so constituted that it would combine irreversibly with the pro- 
tein, an inhibitor would result which would call forth Hi gns of deficiency in the 
organism but these manifestations could not be reversed by increased doses 
of the metabolite. 

What are the concrete pieces of evideni^ for this hypothesis? The major ones 
are the following. In the first place, it is fairly well established by numerous 
studies in enzymology that substrate and enzyme actually do combine reverably 
as the first stage in the reaction. Here then is one type of ^stem in whi(^ 
the first reaction in our hypothesis does occur. Indeed, such combinations 
arc known which involve damcal metabolites, e.g., the attachment of thiamine 
pyrophosphate to carbcuQrlase. Furthermore, the competitian of structurally 
pimilaT substrates for a single enzyme has been known for decades, and can be 
seen to good advantage in the contending of succinate and malonate for succinic 
dehydrogenase (111). Finally, in non-enzymic reactions between specific 
proteins and metabolites, solid proof essts that the metabolite can be di^laced 
from the combination by structurally analogous compounds. The best known 
case is that of the displacement of oxygen in oxyhemoglobin by carbon monoxide. 
If there are 210 molecules of oxygen for each one of carbon monoxide, the latter 
is excluded from half the protein and an equal mixture of oxyhemoglobin and 
carbon monoxyhemoglobin exists. As the relative concentration of carbon 
monoxide is increased, oxygen is pushed from its combination and carbon mon- 
oxdde takes its place. As the relative concentration of oxygen increases, the 
reverse process occurs. Again, biotin combines in molecular proportions with 
a specific protein, antibiotin or avidin (117, 178). When biotin sulfone is 
adndtted to this system contaLaing the combination, biotin is displaced and ap- 
peajrs free in the solution (35). Biotin sulfone not only competes with biotm 
in this simple system but also functions antagonistically with it in the growth 
of Sacduiromyces cereumae. Another exmmple is the appearance of acetyl 
choline in solution when sufficient physostigmine is added to a preparation 
containing cholinesterase and the hormone (179). Thus there is a ccmsidierable 
body of evidence to show that metabolites can be dispdaoed from oombinalaon 
with ^eoific proteins by adequate amounts of certain structural analc^ps. 
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Whether they all can be, or whether in fact they all act by combination with 
proteins or other cell structures, cannot be said at present. 

Although many authors have made the tacit a^umption that analogs compete 
^vith metabolites acting as co-enzymes, there is no direct evidence that they do. 
In fact, mobt available data show that the competition is esipressed when the 
metabolite acts as a substrate and not as a co-enzyme. In behaving as a sub- 
strate, the metabolite is either degraded or is synthesized into a more complex 
molecule. This latter compound may then proceed to function as a co-enzyme. 
For example, pyiithiamine does not compete mth thiamine pyrophosphate in 
the rdle of co-carboxylasp. Rather it is probable that the competition between 
thiamine and pyrithiamine occurs in the synthesis of the co-enzjTne from the 
vitamin. 

Intensive study of the mode of action of several inhibitory' structural analogs 
has indicated that it is usually a synthetic or anabolic reaction rather than a de- 
gradative or catabolic one which is affected. However, sufficient numbers of 
eas^ have not been examined intensively enough to allow one to conclude that 
this is a general situation. Indeed, the competition between succinate and 
malonate, or that between thiamine and o-aminobenzyd methyl thiazolium chlo- 
ride (124) are examples of the participation of inhibitory' analogs in degradative 
reactions. Nevertheless, some insight has been gained into symthetioal processes 
by studies of antagonism, and therefore this aspect of the mechanism of action 
deserves our attention. 

Pantoyl taurine or thiopanic acid is a bacteriostatic anal(^ of pantothenic 
acid. McHwain (82) has shown that this agent competes with the vitamin 
in resting streptococci in an enzymic process concerned with the conjugation 
of pantothenic acid into a larger molecule in the cells. Although the nature 
of this conjugate is unknown, good evidence exists for its occurrence in bacteria 
as well as in animals (180). Therefore, pantoyl taurine competes with panto- 
thenic acid as a substrate used in the symthesis of a larger, and presumably 
metaboUcally important, substance. 

Again, Lampen and Jones (1G7) have produced strong evidence that the sulfon- 
amide drugs compete with p-aminobenzoic acid as substmte for the synthesis 
of pteroyl ^utamic acid, a metaboUcally important conjugate of p-ainmobenzoic 
acid. As was discussed in a previous section, these investigators found that those 
bacteria which require pteroyl glutamic acid as a nutritive essential, and hence 
cannot syntheaze it, are not susceptible to bacteriostasis by concentrations 
(£ sulfonamides which affect other bacteria. Presumably, if the organism does 
not possess a means of synthesizing PGA, it cannot be banned by an agent which 
acts to inhibit this synthesis. Furthermore, PGA antagonises the bacteriostatic 
action of sulfonamides on certain susceptible species. In other words, when 
the ^thesis of PGA is inhibited, the harm to the oiganism can be circumvented 
by' supplying in the medium the product of the reaction, viz., PGA. Hiey 
^owed as further evidence that while the antagonism between p-aminobenzoic 
acid and the sulfonamide is of a competitive nature over a wide range of con- 
centration, the same amount of PGA is required to reverse a large dose of the 
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sulfonamide as is needed for a small one, i.e., that the an tag»T\iRnn is not com- 
petitive. (See Table 3.) Prior to the discovery of praminobenzoic acid as a 
part of PGA, Miller (181) had shown that when bacteria were grown in the 
presence of sulfonamides, the amount of PGA which they formed was markedly 
reduced. In the light of all this evidence, the most plausible eTsplanatioii 
for the bacteriostasis caused by sulfonamides is that they compete with p-omino- 
benzoic acid for the synthesis of pteroyl ^utamic add (folic add). Since some 
animals need the latter, they are like the PGA-requiring bacteria in that they 
do not possess the metabolic process with which the sulfanamides interfere. 

This hypothesis about mechanism, which may be called the di^lacement 
hypothesis, has its roots extended far back into biochemistry and pharmacology. 
In various forms it has been reiterated dncc the days of Ehrlich. The com- 
petition of structurally similar substrates for specific enzymes reaches back 

TABLE 3 


Data of Dampen and Jones showing the gtowih and antiaulfonamide actiiiiyof plcroylgluianiic 

acid and p-amtnobensoic aetd" 
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B TATCAUS 
K, BALV 
XA'ainnc 
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Half maximum antagonism of snlfadmxme (SD) 

SOIUCXNT 

INCXCASEIK 

lUBBmin 


1 7SD 
per ml. 

IO 7 SD 
per ml 

1007 SD 
per ml 

10007 SD 
pernl. ^ 

GKOSns 

p-Aminobenzoic acid 

0 003 

0 03 

0.3 

3.0 

0 001 

Inactive 

p-Aminobenzoylglutamic 

acid 

1. 

30 

300 

>300 

0.05 

Inactive 

Pteroylglutamio acid . 

0.0003 

0.0003 


0.0003 

0.0001 

0.00015 

Pteroyltziglutamic acid. 

0.004 

0.004 

0.004 

0.008 


0 003 

Thymine 

0.06 

0.25 

0.25 

0.25 

0 26 

0 ^.6 


* All values are given in miorograms per ml , after 2i hours’ incubation. 


through the work of Quastel and Wooldridge wfth succinic dehydrogenase 
in 1927, at least to 1910 when the inhibition of amylase by variems carbohydrates 
was studied by Wohl and Glimm (182). Many of the currmit ideas e^daUy 
as they apply to pharmacology were clearly stated by Garke in 1937 (183). 
Woods (20) and Fildes (184), and the contemporaiy reviewers and investigators 
have discussed and added to it. It is a concept which has grown with the acqui- 
sition of biochemical knowledge. 

(e) Competition between structurally dissimilar compounds. The action of 
certain agents is antagonized not only by the metabolites to which they bear 
analogy, but also by structurally unrelated substances. If the subject of mere 
antagonism of biochemical reactions was to be discussed fully it would take us 
far afield from the purpose of this review which is to describe the antagonism 
between structurally mmilnr materials. As others have pointed out (183, 17) 
two compounds may be antagonistic because they react with each other to form 
precipitates or biologically inert sul^tances, or because one injures the living 
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cell in such a way that the other is able to replace the lost function. Now 
surely the antagonism between the sulfonamides and pteroyl ^utamic acid which 
was discussed above is of this latter variety, and yet it impinges so directly 
on the phenomenon of competitive antagonism between structural analogs 
that it must be touched upon here. By tbe same token we must consider a 
few more examples but leave to others the treatment of such agents as thiouracil 
which antagonizes thyroxine by inhibiting its formation. Once again the prob- 
lem of where to set the limits of a biolo^cal phenomenon is plagued by the con- 
tinuity and intenelationships of nature. 

Not only can the growth-inhibiting properties of sulfanilamide be overcome 
with p-aminobenzoic acid, but they may also be counteracted with methionine 
or with adenine (60, 185, 186, 205). However, while the action of increasing 
concentrations of the sulfonamide is negated by proportional increases of 
p-aminobenzoic acid so that the inhibition index remains constant, this is not 
true of antagonism between sulfanilamide and either methionine or adenine. 
With these latter substances as the concentration of drug is increased a point 
is soon reached beyond which no amount of material will effect reversal. 
Furthermore, the concentration of admine or methionine needed to counteract 
a given quantity of sulfanilamide is far greater than that of p-aminobenzoic 
acid. Consideration of these facts led Harris and Kohn (60) to postulate that 
methionine or adenine might be products of a metabolic reaction for which 
p-aminobenzoic acid was required. Ihis same idea was adopted by Shive and 
Roberts (186) who elaborated it with a mathematical treatment. Pararamino- 
benzoic acid was pictured as participating in several biochemical transfor- 
mations, the product of one being adenine and of another methionme. Some 
supporting evidence for this postulate was cited, but hypothesis is still ahead 
of proof. 

Other cases of antagonism between structurally dissimilar compounds are 
known. Thus the microbiostatic effects of phenyl pantothenone are prevented 
by glutamic acid, proline, or histidine as well as by the structurally related 
pantothenic acid (95), ancl the pharmacological soanifestations of 3-aoetyl- 
pyridine in mice are reversed by tryptophane as well as by the analogous nico- 
lanic add (187). The general feature of the antagonism between the unrelated 
compounds in these cases are edmilar to those discussed for the sulfonamides 
and methionine and adeniue. Curiously enough, the heterologous reversing 
agents in most instances are amino adds (3). 

For many inhibitory structural aaal(gs there ore spedes in which the related 
metabolite will not compete with the agent (see section (a) above). However, 
in such organisms the structurally dissimilar reversing agent frequently will 
counteract the manifestations. For example, althou^ pantothenic acid was 
unable to reverse the inhibition of growth of Saccharomyces cereviaeae produced 
by phenyl pantothenone, butanoic add, prohne, or histidiae would do it. .Again, 
while p-aminobenzoic add was unable to counteract p-aminomethylbenzene 
sulfonamide (marfanil), methionme was capable of reversing it. From these 
and dmilor examples it would seem that the Imterologous naturally oocuning 
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reversing agents (metabolites) may be more universally effective than the analo- 
gous ones. 

Competition between Structurally Analogous Drugs. It is not necessary that 
one of a pair of antagonistic structural analogs be a metabolite in ord^ that 
biological competition may be manifested. Two substances entirely foreign 
to an organism may be shown to contend within it in order to exert a ^armaco- 
logical action. Thus, some of the effects of morphine in dogs and mice were 
counteracted by the structurally related allyl normorphine (188) . It is relatively 
certain that neither cl these substances occurred in these animals. In view 
of this situation, the competition in yeast between 2,3-dichloronaphthoqumQ(ne 
and vitamin K may be regarded as the contention of two foreign substance, 
since vitamin K has not been detected in this organism (151). However, on 
the other hand, if vitamin K were an important substance to the yeast cell and 
yet occurred as only a few molecules per cell, its presence could not be detected 
by present methods. Whether or not structurally similar drugs compete with 
each other, because they both are analogs of some normal metabolite cannot 
be decided from existing knowledge. 

Applicaiions to Pharmacology. Because the phenomenon of competition 
between analogous compounds offered a plausible explanation of the mode 
of action of the sulfonamide drugs, the expectation arose that new agents for 
combatting infectious diseasesmight be formed by suitably altering the structures 
of other metabolites (184, 189, 160). Since initial attempts to do this met 
with scant success, several students of chemotherapy of infectious diseases 
were led to doubt the feasibility of such an approach. Neverthel^ progre^ 
is being made so that there is still reason to cherish the original ideas. For 
example, 2,3-dichloronaphthoquinone, a useful agent in the chemotherapy 
of fungal infestations of plant materials (150), was developed empirically, 
and then shown to compete with vitamin K (151). The sequence of events 
in this case paralleled those with sulfanilamide and p-aminobenzoic acid. In 
mmilftr fai^on, £irk\N’ood and Phillips (54) have indicated that the insecticide 
hexacblorocydohexane, owes part of its phannacolo^cal action to the fact 
that it is an analog of inositol, because the vitamin will reverse the yeast-growth- 
inhibiting powers of the drug. Here again the usefulness of the agent was 
established before its relationship to a metabolite was pointed out. 

Let us now see whether the converse is true; namely, that active drugs can 
be produced by intentionally modifying some metabolite. Mcllwain and 
Hawking (73) demonstrated that pantoyl taurine, or thiopanic add, an inhibitory 
analog of pantothenic add, could protect rats from a fatal infection by strepto- 
cocd, but this agent was too weakly active to mahe it of any value as a practical 
drug, and the same proved to be true of several derivatives of it. Finally, how- 
ever, White et al. (^, 17) found that the dibromoanilide of thiopanic add was 
a rather potent chemotherapeutic agent in animals. Furtheimore, phenyl 
pantothenone, another type of pantothenic add analog, has proven to be as 
effective as quinine in the treatment of blood-induced malaria of birds, and 
likewise to be of value in siinilarly initiated infestationB of man (3, 96). Trial 
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of plienyl pantothcnone in malaria was prompted bj-- Tragcr’s observation (190) 
that pantotlienic acid increased the survival time of the parasites in vitro, and 
hence was probably of importance in their economy. These small advances 
therefore may serve as straws in the wind to point the direction of future studies. 
Empiricism will undoubtedly lead to many discoveries in this field, just as it Las 
always done, but a rational approach is commanding some attention. 

In pursuing this rational approach, one guidepost must be the selectivity of 
action of the agents. If an inhibitor is very effective in causing signs of deficiency 
of the host, its usefulness in combatting a parasite nfill be small even though it 
may be quite potent as a gro^rth-suppressant for the latter. Xow, several inhibi- 
tor' structural analogs of metabolites are knomi which act against certain classes 
of organisms and not against others. For example, as we have seen earlier, 
pyrithiamine affects only tho.se species which have a nutritional requirement for 
thiamine. The sulfonamides affect many microorganisms but do not produce 
sigms of deficiency of p-aminobenzoic acid when given in therapeutic amounts 
to animals, and there is some evidence that this selectivity is related to the ability 
to synthesize pteroyl glutamic acid (see above). Phenyl pantothenone, as well 
os other known antagonists of pantothenic acid, does nut cause signs of depriva- 
timi of the litamin in animals, althou^ it is quite active against microorganisms. 
Acetylpsrridine competes with nicotinic acid in animals, but not in bacteria or 
yeasts (68), and 2,3-dicliloronaphthoquinone is far more toxic to fungi and yeasts 
than to bacteria and animals (151). Although some insight has been gained 
into the reasons for such discrimination, very little is known about the matter, 
and if more were understood, therapeutic agents against infectious diseases might 
be sought more intelligently. 

Woolley (189, 159) has underscored the fact that chemotherapy of infectious 
diseases is only a small part of the chemotherapy of disease, and has shown how 
inhibitoiy structural analogs of metabolites may be applied in attempts to treat 
non-infectious maladies. It must be empharized that no practically useful drugs 
have been turned up os a result of these studies, but some experimental models 
have been set up to explore the possibilities. Thus, it was predicted that on 
inhibitory analog of tocopherol would cause resorptive iaterniption of pregnancy 
in mice, and it was shown that a-tocopherol quinone would bring about such a 
result (127). By knowing the pharmacological manifestations of a deficiency 
of a metabolite, the effects of a metabolite analog may be in part anticipated. 
Afflin., certain hormones cause disease because they are cither produced at an 
excessive rate or are destroyed abnormally slow'Iy. It might be possible to neu- 
tralize the effects of the excess hormone by administration of an inhibitory analog. 
Such analogs of thyroxine have been formed, and show'n to counteract toxic 
doses of the hormone given to tadpoles (128). Furthermore, abundant experi- 
mentation is being carried out to learn whether some of the agents antagonistic 
to histamine and effective against anaphylactic shock and against certain allergiG 
reactions, may be viewed as competitive structural analogs of histamine (17). 

The idea that various drugs act by combining with specific portions of the cell, 
and thus preventing the normal metabolite from reacting, goes back to the time 
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of Ehrlich. Since the evidence for this view, and the examples of it have been 
lucidly expounded by Clark (183), and recent developments especially in relation 
to participation of sulfhydryl compounds in these processes, by Roblin (17), no 
discussion will be included here. 

Applications to Biockemislry. Inhibitory structiu'al analogs of metabolites 
have appealed to many investigators os powerful tools with which to f>x.aTnine 
biochemical reactions. By specifically interfeiing with one process it may be 
possible to discover secrets of metabolism which have eluded us. As with all 
new tools, however, there must be a period of learning how to use them, and so 
^vith these there has been some fumbling. As a result much of the earlier work 
has been richer in speculation and h 3 rpothesis than in pertinent experimental 
obseiwation. Let us scan the work along this line then more with the idea of 
seeing the type of use to Avhich analog have been and are being put, rather than 
with the hope of reviewing each individual contribution. 

Several authoi-s have concluded from thdr data on antagonisms that a given 
metabolite has a variety of functions. Now this view is not new, but in the case 
of some vitamins, it added to our knowledge. Thus, Shive and Roberts (186) 
have postulated several functions for p-aminobenamc acid because of the ex- 
istence and behaviour of several antagonists to sulfonamide drugs. Previously, 
Woolley (68) had considered the possibility of varied r61es for nicotinic acid, 
because of the way in which acetylpyridine affected animals and microoiganisms. 

Whatever may be the merits of these postulations there is no doubt that 
different types of inhibitory analogs of the same metabolite exert qualitatively 
different biolo^cal effects. Thus although thiopanic acid (pantoyl taurine) 
and phenyl pantothenone are two differing but dose analogs of pantothenic acid, 
and both compete with the vitamin in the growth of bacteria, their qualitative 
effects are rather dissimilar as witnessed by the fact that thiopanic add is in- 
effective in the treatment of malaria, or in the prevention of growth of non- 
pantothenic add-requiring microor^misms while phenyl pantothenone possesses 
these powers. Or again, there are four tyi}es of structural analogs of vitamin K, 
represented by 3,3'-methylenebis-(4-hydroxycoumarin), iodinin (a phenazine 
oxide), a-tocopherol quinone, and 2,3-dichloronaphthoquinone. The action 
of each of these compounds may be reversed by vitamin K, but of them only 
the first infiuences the prothrombin level of plasma, and whereas the first causes 
generalized hemorrhages in animals, the third induces bleeding only from the 
reproductive tract, and that only in pregnant animals (127). The first is only 
weakly active in the inhibition of growth of bacteria, and in this process is not 
antagonized by vitamin K, while the fourth is hi|^y potent against certain 
microoiganisms in which its effect may by antagonized by vitamin K 

Obscure interrelatioiiships between metabolites have been indicated by obser- 
vations with their analog. Here too as in the former cases, other types of 
evidence frequently pointed to similar conclusions. Thus, a-tocopherol quinone, 
an analog both of vitamin K and of tocopherol, called forth x)hannacdl(^oal 
ai gna aimilar to those seen in defidency of the latter vitamin, but these manifes- 
tatioM were negated only by the former (127). Some metdbolio relationship 
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between tocopherol and vitamin K seemed indicated. The experiments with 
sulfonamides led to the postulation of p-aminobenzoic acid as a metabolite (20) 
and this hypothesis was amply verified subsequently. The fact that tiyptophane 
intake reduced the requirement for nicotinic acid, which has led to the postula- 
tion of tryptophane as the precursor of nicotinic acid (191), was discovered with- 
out the conscious use of analogs, but the interrelationship was exemplified again 
by the use of 3-acetylp5rridine (187). IHirthermore, the original demonstration 
may have depended on the existence of an analog of the vitamin in the com used 
in the diet (192) . Shive and Macow (12) have felt that the effects of pantothenic 
acid on the antagonism between aspartic acid and its hydroxy derivative indi- 
cated that aspartic acid was the precursor of the vitamin. 

Because of the greater activity of cocarboxylase as compared to thiamine in 
antagonizing the microbiostatic effects of pyrithiamine, Sarett and Cheldelin 
(120) concluded that the vitamin was probably attached to the protein part 
of thiarrune-containiag enzymes before the p 3 uophosphate ester was formed. 
Similar findings with mialogs of ribofilavin led Sarett (109) to the same view with 
rrapect to the functioning of that vitamin, namely, that the metabolite was 
jcnned to the protein before phosphorylation converted the former into a co- 
enzyme. However, these would not constitute unique explanations of the experi- 
mental data. 

Several studies have been made of Hie use of inhibitory structural analogs of 
metabolites for the specific inhibition of various enzymes. Not only have new 
inhibitors of old enzyme been found, but also the existence of previously un- 
rec<%aized enzymic reactions has been discovered. Sealock and Goodland (124) 
Hiowed that the enzymic splitting of thiamine by carp thiaminase (193, 194) 
could be inhibited competitively by the thiamine analog o-aminobenzyl-methyl- 
thiazolium chloride, and that the oxidation of tyrorine by liver slices, a process 
catalyzed by ascorbic acid, was inhibited by glucoascorbic acid (15). Likewise 
von Euler and Ahlstr5m (195) reported an interfering action of pyridine-3- 
sulfonic add in the dehydrogenation of lactate by coaymase containing ^ 3 r 8 temB. 
The interpretation of these findings was made more complex by the fact that 
several unrelated compounds (e.g., salicylic add) could replace pyridine-3- 
sulfonic add. Perhaps some of the obscurity in interpretation of these results 
resided in the fact that the analog was being used to compete with a coenzyme 
rather than for a substrate. An investigation of the effects of nicotinic add 
analogs on the enzymic synthesiB of cozymase mi^t provide more interpretable 
data. (Compare the discussion of mechanism above). Paget and Yittu (196) 
have reported that phosphnmano-esterase of erythrocytes is retarded in action 
by sulfanilamide and that this effect is reversed by p-aminobenzoio add. In 
view of this finding a search for the function of ^e latter metabolite in tiie 
enzyme-system mi^t prove profitable. 

However, the mme inhibition of an enzymic reaction by a metabolite analog 
is not trustworthy evidence that the related metabolite is actually an integral 
part of the system. For example, althouidi sulfanilamide interferas with the 
action of caxbonio anhydrase (197), there are no data to indicate that p-amino- 
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benzoic add is concerned with the enzymic process. The effect of the analog 
is not reversed by p-aminobenzoic acid, and furthermore, other sulfonamides 
which compete with the metabolite do not inhibit the action of the enzyme. Tn 
this instance sulfanilamide se^s to possess a biological property not related to 
its competition with the structurally similar p-am!nobenzoic acid. Many chemi- 
cal compounds are harmful to enzymic reactions, so that it is understandable 
that metabolite analogs may have effects other than those related to their com- 
petitive behaviour. 

A new enzymic process, namely, that of the conversion of pantothenic acid 
into a conjugated form in streptococcal cells was discovered by Mcllwain throu^ 
the use of the analog thiopanic acid (83). This reaction of the vitamin was 
intimately coupled with ^ycolysis but by judidous use of inhibitors, the panto- 
thenic add conjugating system could be differentiated from the glucolytic one. 
In similar fashion, Woolley (118) recognized a pyrithiamine-splitting system in 
certain microorganisms, the occurrence of which was correlated with the ability 
to synthesize thiamine. 

The observation that a pair of structurally dmilar metabolites, which both 
occur in the same individual, may be competitively antagonistic to each other 
has led to the hypothesis that certain metabolic functions are regulated throu^ 
the intermediation csi this antagonism. For example, Granick and Gilder (101) 
considered that metabolism of porphyrins was in part regulated by the competL- 
tion between protoporphyrin and copro-poiphyrin. These two biologically 
Important compound were known to exist in the same individual, and yet in 
the growth of Hemophtlua influenzae they were competitors. A siinilar view for 
the estrc^ens and androgens was mentioned briefly above (115). Pofflibly the 
antagoniams between analogous amino adds, such as that between glycine and 
aUmine (7) may be viewed from this an^e. 

Compounds have been discovert in some species which are harmful to other 
living things, and which can be rendered harmless by an excess of stmcturally 
analogous metabolites. In other words, inhibitory structural analogs of metabo- 
lites are formed by one t3ri}e of organism and act agamst other types. Thus, 
iodinin, a hydroxy phenazine oxide, is an antibiotic pigment formed by Chroma- 
bacterivm iodinum. It competes with the structurally related vitamin K in the 
prevention of growth of streptococci (149). Again, a substance has been found 
in com (maize) which is able to cause signs of pellagra in mice (192). The 
action of the compound was reversed either by nicotinic add or by ixyptophane. 
Because of these facts, and because of the chemical properties cf the active 
substance, it was postulated that the a^t mi|^t be an analog of nicotinic 
add.^ 

^Sinoe paper was prepared the pellagragexdo agent has been identified as indole- 
acetic add (200). This compound may be viewed as derived from nicotixdc add by con- 
jugation wilh a beiuene ring and extrusion of a carbon atom from the pyridine ring. It is 
likevuae an even better analog of tryptophane. Just as in the case of a-tooopheirol qinnone, 
which is related to both vitamin E and vitamin K, indole^acetic add is at the same time an 
analog of two metabolites. In the latter instance either metabolite will reverse the eSeets 
of the analog. 
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This last example lacks force because the nature of the agent is s'ill con- 
jectural, but a better defined case of production of disease bj’^ a metabolite analog 
exists. Fiimrium lycoperaici, the cause of a common disease of tomatoes, pro- 
duces a toxic substance -which will reproduce the pdgns of the disease in plants. 
This agent has been isolated in pure form (198) and showTi to be a tripeptide 
isomeric with serylglycjdaspartic acid (199). The tomato-wilting powers of this 
peptide are negated by the related seiylglycylglutamic acid, or glutathione, or by 
strepogenin, and these latter peptides have been shoxvii to function as required 
nutrients for several species of bacteria (199). The Fusarium probably is able 
to cause disease by forming an inhibitory structural analog of a metabolite. 
The logical step would be to treat the infection with the metabolite. The eluci- 
dation of the structure of the antagonist in this case was the key for sohing the 
probable nature of the unknown metabolite, strepogenin. 

Some RelaUon^vpa of Structure to Arttagoniatic Activity. Generalizations 
have been made about the tyi)es of structural alteration w'hich will convert 
metabolites into antagonistic agents (189). Despite some adverse criticisms 
(e.g. 18), and in the face of acknowledged shortcomings and limitations (189, 159) 
the ideas contained in these generalizations have continued to lead to the pro- 
duction of new metabolite-inhibitors. The basis for these rules may be seen from 
table 2. This is that alteration of the structure of a metabolite in certain 
defined ways results in the formation of agents which compete with it. Some of 
these types of alteration are: the replacement of a carboxyl group with a sulfonic 
acid or sulfonamide radical, or by a ketone; the substitution of one atom for 
another in the ring system of the metabolite; and the replacement of alkyl side 
chains of aromatic ring systems with halogens. These are only a beginning in 
the classification of generalizations about the relationships of chemical con- 
stitution to antagonistic activity, because many examples could be cited of other 
t 3 rpes of alterations in structure which lead to inhibitory analogs (3). Further- 
more, Woolley (189) has pointed out that there is no single way in which the 
structure of a -vitamin or hormone must be altered in order to obtain a com- 
petitor to it. As we saw in the pre-vious section, there may be pronounced 
qualitative differences in effects produced by different types of analogs of the 
same metabolite. As knowledge about the phenomenon of antagonism between 
structurally similar compounds accumulates it is probable that these postulations 
will be both modified and expanded. 
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Hyaluronic acid is a mucopolysaccharide acid which in animal tissues seems 
to bind water in interstitial spaces. It further holds cells together in a jelly- 
like matrix and serves as a lubricant and shock-absorber in joints. It is desaggre- 
gated and depoljTnerized by the action of the enzjTne hj'aluronidase. In 
this review the effort is being made to discuss aspects most essential to an imder- 
standing of the biological rdle of hyaluronic acid and hyaluronidase. 

Duran-Reynals in 1942 in a paper CTititled “Tissue permeability and the 
spreading factors in infection” published the first comprehensive review dealing 
with hyaluronic acid, hyaluronidase and the spreading factors. Current liter- 
ature has been briefly reviewed in 1942 (16B) and in 1944 (44A). 

I. HTAiiURONic ACID. A. Occurrence. Hyaluronic acid was fisrst isolated 
from bovine -vitreous humor (63 J. Subsequently it was isolated from human 
umbilical cord (64), from bovine aqueous humor and from vitreous humor of 
pig eyes (66), from groups A and C hemoljiic streptococci (36), from bovine 
and human sjrno-vial fluid (66), from a number of mesenchymal tiunors like 
fowl leucosis (33), the pleura and peritoneal fluid of a case of mesenthelioma (66) , 
from two cases of human synovioma (unpublished), from Rous and Fujinami 
tumors of chicken (71), and from pig skin (56). 

Hyaluronic acid probably occurs in the nucleus pulposus of the intervertebral 
disc (unpublished) and in small concentrations in connective tissue, although 
it has not been isolated from these somnes. 

B. Chemistry. For tho isolation of the acid from various sources some 
modifleations of the same general principles have been described. From fluids 
like -vitreous humor, ^mo-vial fluid and some tumor fluids, from which the purest 
samples have been obtained, the acid is flrst precipitated os a salt of accompa- 
nying proteins. For this purpose the fluids are diluted -with 2-6 volumes of 
cold water and acidified to a pH of about 4 -with 60 per cent acetic acid with 
vigorous stirring. With vitreous humor the precipitation may be incomplete 
until the protein content is increased by addition of horse or cattle serum. 
The “mucin clot” is left standing at 0® for 24 hours, is then -washed -with cold 
water and extracted with a 6 to 10 per cent solution of sodimn, potasaum, 
or calcium acetate, depending upon which salt is to be desired. The extraction 
may be hastened by adding alkali to a pH of 9.0. 

SoM tissues like umbilical cord or some tumors are chilled, ground and deeic- 
cated with acetone. The dry material is extracted repeatedly with 5 to 10 per 
cent of an acetate. The crude acid is acidified to pH 4 and precipitated with 1.6 
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volume oi ethanol. The centrifuged and washed precipitate is again extracted 
with acetate. 

Tlie turther pmification of this extract and the extracts of the protein salts 
dcsciibed above ai'e, from here on, identical. The bulk of the protein is removed 
by stiiTtug Avith a chloroform-amylalcohol inixtm*e for one hour followed by 
bcparation of the fluid from the gel bj’ centrifugation. The procedm’e is repeated 
imtil a gel is no longer formed. Further nitrogenous impurities are removed 
either by adsoiption on Zn (OH)j at, pH 7.2 (adding 10 per cent zinc acetate 
and neutralizing) or by adsorption on Lloyd’s reagent at a pH of about 4. The 
supernatant is pi-ecipitated with 1.5 volumes of ethanol at pH 4. The stringy 
mass is again centrifuged, washed with alcohol, redissolved in a TninimuTn 
amount of Avater, precipitated by alcohol in the presence of acetate, wadied 
with alcohol and ether and chied in vacuo o\*er P2O5. In earlier preparations 
in this luboratoiy, the free acid u'as precipitated by pouring the aqueous solution 
into 6 to 10 A'olumes of glacial acetic acid. The products so obtained were of 
high purity and very low ash content (64), but were somewhat depoljTnerized 
as evidenced bj”^ a lowered viscosity and a lower optic rotation. 

The hyaluronate prepai-ations sometimes contain nitrogenous impurities, 
glycogen, and organic and inorganic sulfate. Nitrogenous impurities shown by 
an increased ratio of total N to hexosamine N can be removed by repeated 
adsorption. Glycogen, present especially in skin and umbilical cord prepa- 
rations, is indicated by too low analjiacal figures (see below) and is removed 
by incubation for a few hours Avith either filtered saliva or a commercial anaj'^lase. 
Sulfates are difficult to remove, especially in umbilical cord hyaluronate. The 
S content may be lowered by dissolAung the purified material in 10 per cent 
calcium acetate or chloride and fractionating with 25 to 33 per cent ethanol. 
After the mixture has stood at 0® for 24 hours the bulk of the sulfate is found 
in the precipitate. 

Several authors have reported amplified methods for the preparation of 
hyaluronate. One such method (18) ydelded a preparation which after remoA^al 
of some insoluble material contained only 16 per cent of standard hyalm'onate. 

The preparations in this laboratory are analyzed for N by the Egeldahl 
method, for hexosamine, for acetyl by the Kuhn-Roth method, for uronic 
acid by the Freudenberg modification of the ToUens-Lefevre method, and for ash. 

The rotation [a] ^ of the axiiiim salt is —70°, that of the free acid usually 
is somewhat lower, depending on the time of contact with acetic acid. The 
Auscosity relative to 0.9 per cent sodium chloride at 37° of a 0.3 per cent solution 
of the sodium salt usually is approximately 4, and varies with the source. From 
•vitreous humor by fractionation with (NH 4)^04 at a pH of about 9.0, fractions 
of -widely varying Auscosities were obtained. This is probably due to emymatic 
depolymerimtion in Aivo. The acid is poly-disperse in other sources as well, 
as pointed out by Blix and SndOman (4), who measured Adscorities and streammg 
double refraction of fioAw The latter was poritive for both hyaluronate and 
chondrmtin sulfate of cartilage. Tbe particle length of different preparations 
of hyaluronate -varied betAveen 480OA° and 10,000A° with the higher values 
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in preparations of umbilical cord. The corresponding molecular weights were 
estimated to be in the order of 200,000 to 600,000 ^vith the assumption of an un- 
branched chain and a length of 10 of the ba^c disaccharide unit. The molec- 
ular weights, according to the authors, ^ould be regarded as TniTiimal values. 

X-raj’’ measurements of sodium hj’^aluronate gave only diffuse pattems in 
powder and fibre diagrams. 

The ^’iscoi^ity of isolated hj’'alurong,te is much SDoaller than that of the fhiids 
from which it is obtained. WTiether this is due to oxidative breakdown, as 
suggested by some authors (83), or to another process of disaggregation or 
depolymerization cannot be decided Tsith certainty. In the native state 
hyaluronate forms gels of varjdng rigidity. For example a cyst foimed by an 
undiagnosed malignant tumor of the bone had the eonsistenej’’ of a 4 per cent 
agar solution. The cyst content was liquefied rapidly by incubation with tes- 
ticular hyaluronidase. Samples of human sjTiovial fluid exhibit ^dscosities 
ranging from very low values to high \dscosities which are outside the range of 
our viscoameters. The dilution curve of the tumor fluids showed a sharp 
drop in viscosity with dilution (55) and the same has been shown by Ragan (72) 
for normal human joint fluid. Obviously the viscosity in these fluids is of a 
non-Newtonian type On the other hand, isolated hyaluronate has all the 
characteristics of a highly asymmetrical molecule. ' Aqueous solutions have 
high viscosity, they possess bi-rcfringence of flow, and con be spun into threads 
of consideTable tenale strength. 

The diffei*ence between the viscoaty of the native fluid and that of isolated 
hyalmonate may be due to complex formation with accompanying protein, 
but there is no experimental proof for this. The mobility of isolated hyaluronate 
in the Tiselius apparatus at pH 7.8 was idaitical with that of the fast component 
in tumor and gyno^dal fluids (55, 3). No fraction with a mobility intermediate 
between protein and polysaccharide was obsen-ed. Furthermore, on incubation 
of the native fluids with hyaluronidase, the viscoaties drop rapidly to the values 
for the protdns present. It is concluded from these experiments that 
hyaluronate exists in these fluids in varying degree of polymerization and ag- 
gregation, the latter being due to weak secondary bonds either between the 
polysaccharide molecules themselves or between protein and polysaccharide. 
The weak bonds are broken by the processes involved in the isolation. 

The chemical structure of hyaluronic acid is unknown. Equimolar quantities 
of hexosamine, acetyl and uronic acid have been found bj' analysis. Gluco- 
samine has been isolated (as the crystaHine hydrochloride) in yields up to 95 
per cent of the colorimetrically determined amount. The presence of glucuronic 
acid was establidied by oxidation of hyaluronic acid by HNOs and isolation of 
saccharic acid as the crystalline acid potasrium salt. From an emsymatic digest 
of synovial hyaluronate with pneumococcus hyaluronidase, glucuronic acid 
has been isolated as thiosemicorbazone (66). Hyaluronic acid, in contrast 
to chondroitan sulfate, probably contams little or no branched ohai n s . This 
is indicated by the ahnost quantitative hydrolysis by some hyaluronidf^B 
preparations. It can be deduced from emiiymatio data (see later) that the 
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basic unit is a disaccbaiide ^nth a free aldehyde group present in the acetyl- 
glucosamine moiety. 

The orcun-ence of ester linlrages in the hyaluronate chains has been recently 
suggested (■±'1, on the baas of the alkali sensitivity of the polysaccharide. In 
-i-5 da\ s in absence of O 2 at 20° about one milliequivalent of acid was produced 
for about overj' 4 disaccharide units. Apparently the reaction came to about 
the same endpoint with different samples of the polysaccharide and with varying 
alkali concentrations. About 10 per cent of the weight of the polysaccharide 
dialyzed through a cellophane membrane and the rest was clearly not of uniform 
size. The analysis for sodium in the neutral native material did not support 
the presence of ester linkages. Sensitivity to alkali with production of acidic 
groups with fis.'don of the chains is common to manj’ other polysaccharides, 
for example cellulose, though the mechanism is not clearly understood. 

Hyaluronate on injection into animals is not antigenic. Attempts to confer 
antigenicity to hyaluronate have been unsuccessful (29). 

II. Hyalvronidase. a. Occurrence. The enzyme hydrolyang hyaluronic 
acid, hyaluronidase, was first found in autolysates of a rough type II pneu- 
mococcus (58). Its occurrence was shown further in other types of pneumocccci 
both smooth and rough, in strains of hemolytic streptococci of groups A and C, 
and in some anaerobes (62). Its occurrence in the animal body in extracts of 
spleen and of ciliarj' body and iris, has been reported (62). 

The verv’ wide distribution of hyaluronidase, however, was found after Chain 
and Duthie (8) discovered that the hyaluronidase activity of testicular extracts 
paralleled the activity of the “spreading factor”, reported earlier by Duran- 
Reynals (27) and by McClean (46). Hyaluronidase activity, as measured by 
the hydrolyas or depolymerization of hyaluronic acid and hyaluronate-con- 
taining fluids, was then demonstrated in virulent and avirulent strains of type I 
pneumococcus (67), in a group C hemol 3 rtic streptococcus and in rabbit Hkin 
(ibid), in the venoms of many poisonous snakes, like copperhead. Black Tiger 
(9), rattlesnake (15), in bee venom (9), in Staph, aureus, Cl. Welchii, (9), and 
others. 

B. Determination, of Hyaluronidase. For the determination of hyaluronidase 
biologiccd, chemical and phyrico-chemical methods have been used. 

1. Biological meUiods. The ^reading reaction has been reviewed by Duran- 
Beyilals (12) and need be motioned here only briefly. Tndift ink probably is 
the best indicator, Ednce with it the area of spreading is more circumscribed 
than with diffuable dyes. The most convenient dye is the blue dye T1824, 
ance it is'non-toxic and available in sterilized isotonic solution. An improved 
quantitative method for the estimaUon of the ^reading reaction has been 
publiriied by Humphrey (28) who injected the ^reading agent intracutaneou£ly 
into groups of 6 guinea pigs. The animals were killed 20 minutes after in- 
jection, the ddn was removed immediately and the aze of the bleb measured 
at the inner surface of the skin. The TTmiTna.! diffution dose is the least amount 
of enzyme which will produce a 20 per cent increase the mean area over the 
mean area of the controls. 
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The spreading reaction cannot be conadered as an accurate assay of 
hj^aluronidase. Some unspecific agents gi\e spreading reactions. Further- 
more, the coiTelntion between spreading reaction and physico-chemical methods 
of hyaluronidaso estimation is poor. (See later.) The influence of pressure 
on the asxiy of hyaluronidase bj^ the spreading reaction has been stressed in 
a recent article (23 A). Most investigators however have in the past used a 
constant and small volume of 0.1 or 0.2 cc. Control injectiont. with identical 
volumes have probably been used by all investigators. Humphrey has empha- 
sized the importance of the rate of the initial reaction bj’ using a reaction time 
of only 20 minutes. 

The decapsulation of mucoid hemob’tic streptococci of groups A and C has 
been compared with hyaluronidase activity e&timated by other methods (47). 
How'ever, these organisms lose their capsules under various conditions without 
added enzyme. It is not knowm whether or not this is due to hyaluronidase 
produced by the same cultiu'es (see later). The decapsulation of streptococci 
can hardly be consideied as a convenient method for hj'aluronidase estimation. 

2. Physico-^ieinical mcOiods. Thi*ee methods wdll be discussed: a, the mucin 
clot prevention test (abbreviated M.C.P.); 5, the ^^scoaily reducing method, 
and c, the turbidimetric method. 

a. This method is based on the observation that native hyaluronic acid in 
acid solution coprecipitates with protein in a tj-pical fibrous “mucin** clot. 
After incubation with hyaluronidase the quantity of the clot is reduced and the 
character of the precipitate changes from a fibrous to a flocculent precipitate, 
until finally the solutions remain clear. The test was apparently first used 
by Robertson, Hopes and Bauer (76) and has been modified by McClean and 
his collaborators (62). 

The test is simple and suited for serial determinations and is probably the 
most sensitive test for low concentrations of hyaluronidase. However, it is 
positive only with crude hyaluronate, the mechanism of its action is not clear 
and it has a very poor con elation ivith other tests. The M.C.P. test is carried 
out in the native fluid or the isolated and redissolved protein salt. Pure hyaluron- 
ate precipitates protein in acid solution in flocculent form. (The diffeimce 
between native and isolated hyaluronate has been discussed on p. 337.) 

The error of the M.C.P test has been estimated (48) as ±26 per cent. The 
author found no correlation between M.C.P. units and viscosity reducing 
units, nor a constant trend with the potency or the source of the enzjune. Simi- 
larly in another paper from the same laboratory (77) the ratios of M.C.P. over 
viscoaty reducing units with different micro-organisms varied between 1 : 20 to 
1:162. The reason for the discrepancy between the two tests cannot be entirely 
the existence of different hyoluronidases in different sources (see later). 

h. TJie viscosity reducing meUwd. Advantages of this method ore its accuracy'' 
and its simple kbetics. It has the disadvantage of being cumbersome and not 
eaaly carried out in serial experiments. The first ^stematic use of this method 
was published by Madinaveitia and QuibeU (41) with a crude extract of aceteme 
precipitated vitreous humor as substrate. The time required to reach half 
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viscoatj' was found to be inversely proportional to the concentration of enzjTne. 
Details as to substrate and sodium chloride concentrations, pH and temperature 
varj’ somewhat in different laboratories. The procedure used in this institute is 
as follows: 5 cc of a 0.3 per cent solution of pure sodium hyaluronate in 0.1 mol 
acetate buft'^r of pH 0.0 containing 0.15 mol sodium chloride are waimed to 37° 
for about 5 minutes. One cc. of enzjTue dissolved in the above buffer mixture is 
added, and 6 cc. of the mixtme am immediately tran.-ff’ii’ed to an Ostwald 
\dscosimeter in a constant temperature bath of 37.0°. The \riscosities are de- 
teiinined repeatedly, until leas than half \’iscoat\' of the mixture is reached. 
One unit is defined as the amount of enz 3 Tne required to reach half viscosity in 
30 minutes. The ^riscosity of the substrate mixture in the control is about 4.0 
relative to the solvent. The ^•iscosit 3 ’■ of the substrate remains constant for at 
least 2 weeks at 4° without preser^’ative. 

c. The twrhidimetric method. This method, described first by Kaas and Sea- 
stone (34), is baaed on tho observation that pure hj'aluronate at pH 4.2 gives a 
fairly stable colloidal suspension v,rith dilute serum, whereas depoljTnerized hy- 
aluronate remains clear. The method is reproducible to about 10 per cent, 
requires little substrate and is readily' applied in large series. In a modification 
developed in this laboratory (21) the time of incubation is kept constant; in the 
original procedure the time is varied, the enzyme concentration being constant. 
In this modification the reaction is canied out in the presence of sodium chloride. 
Dilution of the eni^me m 1 cc. voliunes of 0.1 M acetate buffer of pH 6.0 is 
wanned to 37° for 6 minutes. To each tube 1 cc. of the substrate is added, con- 
taining 4 mgm. per cc. of sodium hyaluronate in M/10 acetate of pH 6.0 and 0.3 
mol sodium chloride. The mixtures are incubated for 30 minutes at 37°, im- 
mersed in a 60° water bath for 10 minutes to inactivate the en^me, and 1 cc. 
aliquots are pipetted into test tubes containing 3.0 cc. of 0.6 M acetate of pH 
4.2 and 1 cc. of acidified horse serum and mixed. The scrum solution is pre- 
pared bj’' 10 fold dilution of the sterile normal horse seiTim (containing no preserv- 
ative) with 0.6 mol acetate buffer of pH 4.2 and acidifying to pH 3.1 with 4 N 
hj^drochloric acid. The turbidities are read aftei* 30 minutes at room tempera- 
ture in a Coleman spectrophotometer uring a wavelength of 580 m/*. One unit 
is defined as the amount of ©ozyme which reduces the turbidity given bj' 0.2 mgm. 
of h^’-aJuronate to that ^ven by 0.1 mgm. The values ore read from a slondai'd 
curve. The latter has been checked with 10 different preparations of hy-aluronate 
from different sources. AH points fall on the same S shaped curve. In the re^on 
betvr'een 0.06 and 0.16 mgm. the curve is almost a straight line. 

The ratio of the units determined viscosimetrically to those determined tur- 
tadimetricaUy with 4 different hyaluronidase preparations varied only from 1.2 to 
1.4. In this comparison the conditions of the two tests were identical with the 
exception ci the substrate concentration. 

3. Chemical methods. Ghemically hyaluronidase activity has been determined 
by measuring the increase in reducing sugar, or by the increase in liberated acetyl- 
glucosamine. In both methods pure hyaluronate of known hexosamine and 
uronio acid content ^ould be used. The mam disadvantage of the reducto- 



HTALUEONIC At’ID A^D HY VLXJUOXroASL 


341 


metric method is its complicated kiaeticsi, obviously the I’osiiltant of Ihe action of 
different enzjunes, which simultiineously -aplit glucosidic linkages (see later). In 
this laboratoiy the method has been used extensively in the ideniitication of 
hyaliironate from dilfereni sources. Either the Ilagedom-Jensen or the ceric 
suKale method in the modification of Alilltr and Van Slyke was used and the 
results calciilatofl us per cent of total reducing sugar expressed equivalents of 
glucose. The substrate concentration usiuilly was 0.5 per cent 

The incioase in acetj'lhGXObb.niiue (68) has been used by some mvesligators 
(9) using sjTithctic acetylglucosaroine as standard. It was pointed out that this 
method ^^ith the pneumococcal hyaluronidase indicated freeing of at'etylhcxf'sa- 
mine in excess of G times of the total weight of polysaccharide present (57). A 
similar result w’as reported by Ilahii for testicular and Cl. porfiingens hyaluroui- 
dase (19). Whether the measured rate of the color reaction of the enzjTnatic 
hydrolj’sis over that of sjmthetic N-acetylglucosamine is due to a structui-al 
difference in ihe acetylglucosamine or due to the linkage to the m*onic acid in the 
hydrolysis product has not been decided. 

In a recent paper Humphrey (31) confirmed the discrepancy botw’een reducing 
and acetylhexosamine values on hydroly^ of hyaluronate with enzymes of bull 
testis, Cl, Welchii, and two strains of streptococci. The excess of the ocetyl- 
hexosomine varied Avith different enzyme preparations and was not as high as 
found in this laboratory Avith pneumococcal enzjnne. He further reported that 
the enzymic hydrolysates gave a direct colour in acid solution with Ehrlich’s 
reagent ’without preliminaiy treatment with alkali, which is necessary to foi-m 
an oxazoline derivative frem acetylglucosamine. The author discusses W'hetber 
oxazoline lings are preformed in the hyaluronate molecule. The alternative 
that enzymatically formed acetylglucosamine is labile and easily condenses to 
a heterocyclic compound seems more probable. The hydrolysis of chondroitin 
sulfate by testicular enzyme diow'ed no excess of acetylhexosamine over the 
reducing values (32). 

The method obnously cannot be used for the determination of hyaluronidase 
acthity. 

C. The Medianism of Hyalurojiate Degradation hy Hyaluronidases. The dual 
nature of the two glueosidic linkages in hyaluronic acid, one bdemging to the 
N-acetylglucosamine, the other to the ^ucuronic acid moiety, suggests that the 
depol 3 Tacrizaiion and the hj’^drolysis into monosaccharides require two en^unes. 
A compaiison of hj'alui*onidases of different origin, measured visco.simetrically 
and reductometricaJly, indicated that hy^aluronidases were mixtures of at least 
two enemies, one attacking the long chain molecules, the other hydrolj^g the 
aldobionic acid units formed (57). This conclusion wras based on the observation 
that pneumococcal hyaluronidase hydrolysed the substrate almost to 100 
cent of the theoretical amount w’hereM testicular hyaluronidase, which diow’ed, a 
much faster rate in the viscosimetric tests than the bacterial emyme, hydrolyzed 
the substrate to only approximately 50 per cent. The testicular enzyme on 
prolonged hydrolysis exce^ed the 60 per cent reduction, but the total reduction 
was considerably ^ort of 100 per cent. The addition of pneumococcal 
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hyaluronidase to the non-hydi’olysed residue brought about complete hydrolysis, 
while addition of fresh testicular enzyme had a negligible effect. 

A still greater discrepancy between reductometric and \dscosdmetric activity 
was found with leech enzyme (60). One preparation as a fla\danate reached a 
maximum hydrolyas, measured reductometrically of 40 per cent of the theory. 
Yet the same enzjune preparation turbidimetrically assayed 330 units, that is, 
it was equal to the best testicular preparations we prepared. This preparation 
showed an interesting difference from other hyaluronidases in the turbidity test, 
being uninfluenced by the absence of sodium chloride. Hahn (19) working with 
a puiifled enzyme prepared from aqueous extracts of the heads of leeches reported 
a maximal hydrolysis of only 26 per cent of the theory. Other preparations of 
leech enzyme in this laboratory analysed reductometrically as high as 70 per 
cent of the theory. It seems quite obvious that in purification one activity is 
increased at the cost of the other. Another difference between two hyaluroni- 
dases, one from bull testes, the other from streptococci, has been reported by 
Rogers (78). This author investigated the stimulation of hyaluronidase pro- 
duction by streptococci on addition oi hyaluronate to a simplified culture me- 
dium. If instead of hyaluronate a digest of hj'aluronate obtained with 
streptococcal hyaluronidase, was added to the culture medium, no stimulation 
of hyaluronidase production took place. If, however, a digest of hs'aluronate 
obtained vdth testicular hj^aluronidase was added, the stimulation of hyaluroni- 
dase production \s’as almost as great as with native hyaluronate. Furthermore, 
the diffusible fraction of the latter h 3 "drol 3 'sate was inactive, while the activity 
remained in the non-diffusible fraction (unfortunately the hj'aluronate in these 
experiments was rather impure). Recmitly, similar obseiwalions were reported 
on the hj-aluronidase production of Cl. Welchii (79). 

Other evidence for the existence of several enzjTnes was brought forward by 
Hahn (20) who claims to have separated tu o enzjunes from testicular extracts. 
One enzyme, called mucopolj’Baccliarida6e (abbreviated M.P.) hj’drolysos to the 
aJdobionic acid stage, the other muco-oligosaccharidase, (abbreviated hl.O.) 
hj'drolyses the disaccharide to monosaccharides. Since the M.P. liberates 
ocetylghicosamine during hydrolysis, the free aldehyde group must belong to the 
hexo&amine moietj", therefore the M.O. was called a glucuronidase. The two 
enzymes were fractionated by (NH 4 )sS 04 and lead acetate, the M.O. activity 
precipitating in the first fractions. M.P. acti\dty was measured by a ^iscoa- 
metric method, and M.O, activity by a reductometric method. The substrate 
of the latter was hyaluronate previously digested for 4 days with M.P. followed 
by dialysis, the concentrated non-diffuable residue being the substrate. There 
was no linear relation between the percentage of h^'drolyas and the ens^yme con- 
centration. The total reducing values must have been quite small, ance the 
substrate concentration was very low, only 0.6 mgm. glucose equivalent per cc., 
and a turnover of only 10 per cent w'm measured. 

To this reviewer it seems hi^y dearable to test the presence of the M.O. vvith 
a wdl defined substrate. One would expect the disaocharide formed by the 4 day 
hydrolyas to be diffoable. lliere also remains the question of whether the M.O. 
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can or cannot attack the glucuronidic linkage in the native hyaluronate. The 
hydrolysis of the linkage in the native chain presumably would also cause a 
decrease in viscosity, while the end groups with the two enzjTnes ought to be 
different. 

One distinct enzyme, i9-acetylglucosaminidase, present in crude testicular 
and in crotalus hyaluronidase, as well as in sources showing no hj'aluronidase 
activity, does not seem to be involved in hyaluronidase actiWty (13). This en- 
^Tne was found by Helferich and Hoff (24) in emulsin of sweet almonds. The 
substrate used was j8-phenylacetylglucosamine. The enzyme was separated from 
testicular hyaluronidase with (NH 4 )^Ot, lead acetate or CuSOt or adsorption 
on kaolin. Ha hn (20) likewise has reported good evidence for the separation of 
hyaluronidase from jS-glucosaminidase activity. 

In summary, hyaluronidases of different origin undoubtedly contain different 
enzymes, but their number and mode of action are not fully known. 

D. Influence of Enuironmental Factors on Hyaluronidoie Activity. 1. Effect 
of pH. The effect of pH on the rate of hyaluronidase activity varies with the 
source of the enzyme, the salt concentration and the test method. In the re- 
ductometric procedure testicular hyaluronidase has a double optimum, one at 
about pH 4.5, the other at about pH 5.7 which has been interpreted as another 
indication for the presence of two distinct enzymes (67). The pH optimum of 
pneumococcus and Cl. Welchii hyaluronidase was found in the reductometrio 
procedure at 6.8 (62) . By a viscosimetric method, McClean (48) found a marked 
dependency on the salt concentration of the activity at different pH levels. In 
M/60 buffer the optimum of testicular hyaluronidase was at pH 6.8, while in 
M/6 buffer, the optimum shifted to pH 5.0. A similar behaviour was found with 
Cl. Welchii enzyme. Moreover, at the pH optimum the activity of the enzyme 
was much greater in the more dilute buffer. The marked difference found 
may have been partly due to differences in chloride ion concentrations (see later), 
especially with hyaluronate of umbilical cord. With the turbidimetric method, 
the pH optimum of testicular hyaluronidase in M/10 acetate in presence of 
0.15 M sodium chloride was found to be 6.0 (21). 

2. Effect of salts. Robertson et al. (76) reported that dialyzed Q. perfringens 
hyaluronidase had no effect on a dialyzed “lynovial mucin.” Addition of phos- 
phate or other salts in increaang concentrations (up to 0.1 M) resulted in in- 
creasing activity. Madinaveitia and Quibell (42) reported a marked influence 
of salts, especially sodium chloride, on the activity of testicular hyaluronidase, 
as determined viscotimetiically. The optimum was between 0.07 and 0.17 mol 
sodium chloride. 

In this laboratory the influence of salts, e^eciolly sodium chloride, was found 
to be much more marked with the turbidimetnc and viscosimetric methods than 
with the reduotometric. The same beha\iour had been shown with lysozyme 
and its substrate (59). The influence of sodium chloride on the rate of de- 
polymerization depended further on the source of the substrate. This is illus- 
trated in the following table in which the same enzyme preparation, highly puri- 
fled testicular hyaluronidase, has been tested. 
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It can be seen from this table that the apparent activitj’’ of a sample varied 
from 100 to 167 units per mgm. The wide variation in apparent activity in the 
absence of NaCl shoidd be noted. By the quantitative turbidimetric test the 
different h 3 ^uronates precipitated an equal amount of serum protein. Analy- 
tically, they were identical within the limits of the errors of the methods. Quan- 
titative determinations in 100 mgm. of the tumor preparations after ashing with 
HNO* diowed only a trace of chloride. The chloride effect and the differences 
between the hyaluronate preparations seem to be due to the presence of competi- 
tive inhibitors, as described in the next chapter. It is eAudent from these experi- 
ments that the purity and origin of the substrates greatly influence the titres of 
enzyme preparations. 

3. Inhibitors of liyaluronidases. McClean (47) reported the inhibitory action 
of hepaiin and chondi-oitin sulfate on the in vitro decapsulation of sti*eptococci 
by testicular hyaluronidase. Three-tenths per cent of the pm*e NH^ salt of 
heparin suppressed the decapsulation of an enzjnne concentration equivalent to 
one ^dscosity i*educmg unit. From 0.001 to 0.01 per cent of the NH 4 salt further 
inhibited the action of one unit of hyaluronidase on 0.1 per cent hyaluronate. 
Hyaluronate partlj’ depoljTnerized by precipitation with acetic acid likewise 


T.iBLE 1 


SOCKCC or EVALUKOH.VTE 

310 KaQ; msaxa/isait.. 

0.15 U NaCl; Tnoxs/UGU. 

Umbilical cord 

5 

100 

Tumor 

67 

367 

Synorial fluid 

67 

100 

Strep. C. 

26 

126 


inhibited the decapsulation, while hyalui’onate depoljTnerized enzymatically 
was without inhibitory effect. Gastric mucin also inhibited the decapsulation, 
but Shiga-Eruse polysaccharide and a blood group A hapten had no effect. It 
should be noted that all inhibitors are or contain acid polysaccharides; the two 
neutral polysaccharides tested were without action. 

In this laboratory the inhibiting activity of hepaiin on tiie hydrolyris of 
hyaluronate was tested and results are shown in table 2. Heparin desulfurated 
with oxalic acid-barium oxalate had no effect. The inhibition \vith chondroitin 
sulfate was conriderably less than with heparin, the ratio between the two being 
approrimately 1:100. 

The inhibitory action of normal human and rabbit serum on pneumococci, 
Cl, Welchii and streptococcus hyaluronidase seems to have been reported first 
by this laboratory (26). llie reductometrically determined activity of the first 
two was inhibited 25 to 60 per cent hy normal sera, while with streptococcus 
hyaluronidase the inhibition was smaller. McClean (47) reported the inhibition 
of guinea pig, rabbit, sheep, horse, mouse and hunoan serum on hyaluronidase 
prepared from bull, rabbit and mouse testes, from streptococcus, d. Welchii, 
and from viper and scorpion venom. The mhibitory activity of the sera from 
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different species against any one enzyme showed considerable variation. The 
inhibitory action of the sera was associated with the pseudoglobulin fraction. 
McClean suggested that the inhibition was due to some polysaccharide fraction 
of the serum. 

Mej’^er et al. (02) found the hydrolysis of free hyaluronate t^wice as fast as that 
of an equimolar concentration of a protein salt of the acid, prepared from synovial 
fluid. In experiments of Kass and Seastone (34) the reduction of the turbidity 
of a preformed horse serum-polysaccharide precipitate required 10 times the 
enzyme concenti*ation than that of the pclj-saccharide alone. More recently 
Leonard and Kurzrok (36) reported that normal sera inhibit the liberation of 
tubal ova by testicular hyaluronidase (see later). 

The inhibitoiy action of serum on hyaluronidase of animal and bacterial 
origin recently was the object of three papers (18). A complete discussion of all 
the experimental evidence presented and the conclusions di*awn from them seems 


TABLE 2 



mms/uau. 

% niAClITAXIOK 

Hyaluronidase + Hyaluronic acid 

83 


Hyaluronidase + Hyaluronic acid + NaCl 

200 


Hyaluronidase 4- Hyaluronic acid + 0.040 mgm. 
heparin 

3 

06 

Hyaluronidase + Hyaluronic acid + 0.040 mgm. 
heparin -f NaCl 

200 

0 

Hyaluronidase + Hyaluronic acid + 0.004 mgm. 
hepai'in 

12 

S5 

Hyaluronidase + Hyaluronic acid + 0.0004 mgm. 
heparin 

40 

52 

Hyaluronidase + Hyaluronic acid + O.OOOOt mgm. 
heparin 

83 

0 


impossible in this review and does not seem Avarranted. The invasive agent, 
hyaluronidase, is counteracted bj' enzjTnes of the sera of different species, ranging 
from man to carp, which AA’ere said to destroy hyaluronidase. Crude bacterial 
and some animal hyaluiunidases in turn contain other invasive enzymes, which 
counteract the defensive enzymes of the sera, which in turn are again counter- 
acted by another semm en^me and so forth. 

I'^xperimentoUy, hyaluronidase Avas incubated A\ith scrum in a salt buffermixture 
and the solution mixed Avitli a Amy impure hyaluronate of umbilical cord in 
the presence of phospliate. The liyalui'onidase actirtty Avas measured viscosi- 
metricall 3 \ Phosphate aa'os found bj' Haas to inliibit the action of serum on 
hyaluronidase, AA’hUe other salts, especiallj’ borate, promote it. The enzymatic 
nature of the inhibiting agent, in senun AA^as concluded from the temperature 
sensitmty, the dependence on pH and the inactivation by heating. This evi- 
dence appears inconclusiye. The actiArity of sera among comparable data in 
different tables is A^’ery variable. The rate of inactivation Avas reported to depend 
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considerably on the quality of the polysaccharide (18, p. 78). (A sample of hy- 
aluronate prepai’ed according to Haas in this laboratory contained 16 per cent of 
sodium hyaluronate and over 60 per cent inorganic material.) Furthermore, 
the inhibition by human sera depends not onlj” on concentration but likewise on 
pui’ity of the hyaluronidase (211. That is, the protein impurities present in 
hjTiluronidase likewise react with the serum. The inactivation by sera is not 
only prevented by phosphate, but at least in part reversed on further incubation. 
The inhibitory action of serum furthermore is so dependent on the milieu that 
it seems very difficult to draw’ conclusions from experiments in which the complex 
systems are further complicated by adding crude bacterial filtrates or snake 
venoms. To this re'vuewer the data presented do not seem essentially different 
from the inhibition by heparin and other substances, except that the inhibitors 
in serum are more thermolabUe. The great dependency on milieu conditions 
is interpreted by this reviewer as being due to competitive reactions between 
various proteins among themselves and foi the acid substrate. That hyaluroni- 
dase con be active in the presence of serum proteins is shown not only by its 
spreading reaction in the skin, but its action in pathological human joint fluid 
and other fluids and its in ^ivo actmty on sedimentation rate of blood when 
injected intravenously. 

4. Antisera to hyaluronidases. The inhibition of the spreading reaction by 
specific antiseia has been discussed by Dumn-Eeynals (12). '\^ariouB papers 
published sance then support the previous conclusions that antisera to hyaluroni- 
dases siippress the in ^ivo and in vitro actmties of hyaluronidases, but that 
they are strictly specific for the source of the enzyme. Thus McClean (48) 
finds no crossing over with antiseia against G. Welchii to G. septicum. Strep- 
tococcal enzymes were found to be group, but not type specific. An antiserum 
against crude bo^ine testicular hyaluronidase neutralized bovine, but not mouse 
testis hyaluronidase. Highly purified testicular hyaluronidase, however, has 
never been obtained in antigenic form (49). 

E. Bacterial Hyaluronidases. Increase in hyaluronidase production by the 
addition of hyaluronate to the medium w’as first reported by McGean and Hale 
(49) for G. Welchii. The stimulating effect of added hyaluronate was studied 
systematically by Rogers (77, 78). Id groups A and C hemolytic streptococci 
and in two strains of G. Welchii ensyme production wos proportional to the 
concentration of hyaluronate added and rose from a titre of 1 : 60 M.C.P. units 
to as high as 1 : 100000 units, when the pH was maintained at neutrality by 8.6 
per cent sodium glycerophosphate. One eff two strams of staph, aureus produced 
a titre of 1 :3200 units, which was not increased by hyaluronate, the other hod 
a low titre with or without added hj'aluronate. The titre was not raised either 
in a strain of Cl. septicum (77, 78). In staph, aureus the hyaluronidase pro- 
duction was raised by addition of a papain digest of peptone to the medium, 
while in Cl. septicum it could be increa^ by some ^ecially prepared peptone 
(79). 

A systematic study of hyaluronidase production in relation to serolo^cal 
groups and types, to capsule formation and to the sources of the strams in hemoly- 
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tic streptococci was published by Crowley (11). A total of 376 strains were 
tested, 308 of which belonged to group A. Of the latter, 64 strains, all belonging 
to types 4 and 22, showed hyaluronidase activity. Seventy-two and 96 per cent 
respectively of all t 5 T)es 4 or 22 examined were hyaluronidase producers. The 
titres varied from 50 to 1000 M.C.P. units/cc. Thirty-five out of 55 group C 
strains and all of 13 e x a mi ned of group G strains of a variety of types showed 
hyaluronidase activity. All hyaluronidase poative strains were non-capsulated, 
but many of non-capsulated strains were hyaluronidase negative. Little cor- 
relation was found between hyaluronidase production and \'irulence. Of strep- 
tococcus stmins isolated from 127 cases of scarlet fever, 27.6 per cent; of 136 
cases of sore throat, 36.8 per cent showed hyaluronidase actmty. Of the latter 
half of the strains belonged to groups C and G. Twenty and four-tenths per cent 
of hyaluronidase positive strains were isolated from wounds, bums or impetigo 
contagiosa and 23 per cent from healthy throats. Of 0 cases of puerperal fever, 
3 were hyaluronidase producers, among them a group C strain isolated from the 
blood of a fatal cose. However, in another case where the organism was isolated 
from the blood stream, it was capsulated and negative for hyaluronidase. In 
some cases highly contagious strains were isolated from contacts in different 
individuals. The organisms were capsulated and none produced hyaluronidase. 
The author concludes that there was no evidence for correlation of hyaluronidase 
production of streptococci with any particular type of infection, nor with viru- 
lence of streptococci for man. 

Hyaluronidase production of streptococci as reported by Crowley merits 
some discusdon, especially in regard to negative findings in non-encapsulated 
strains. It was reported from this laboratory (57) that streptococcal hj’aluron- 
idase, present in the medium as well as in purified preparations, showed a 
rapidly diminishing activity as compared to pneumococcal hyaluronidase. 
Furthermore, the same strains of both group A and C organisms varied greatly 
in hyaluronidase production from completely negative to hi^ concentrations, 
although grown under apparently identical conditions. In animals the culture 
medium and purified samples gave a pronounced spreading reaction regardless 
of the in vitro titre of hyaluronidase activity. It was su^ested that the en 2 yme 
may be inactivated, the inactivation bang reverable in vivo, while no rever- 
ribility could be demonstrated in vitro. Hale (22) confirmed the anomalous 
behaviour of streptococcal hyaluronidase in the viscosimetric tests but only 
when carried out at pH 4.6. Furthermore, mq)osure of the en^sunes of groups 
A and C streptococci to pH 4.6 before mixing with the substrate resulted in 
complete inactivation of the eiiz 3 rme. At neutrality the enzyme showed a normal 
fall in viscosity proportional to the em^^e concentration. In our experiments 
the substrate was the sterile pleura fluid of a patient witii mesenthelioma. The 
reaction was carried out at a pH of about 7.0. The reductometric tests were 
carried out at pH 5.8 witii pure hyaluronic acid as the substrate. Inactivation 
of the enzymes was apparent with both methods. Whether or not the inactiva- 
tion is enzymatic has not been determined. 

In view of these eRperiences with streptococci it may be questioned whether 
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failure to demonstrate hyaluronidaae is synonjTnous with absence of the ensyme. 
A renewed study of hyaluronidase in streptococci seems indicated, not only in 
regard to hj^aluronidase production, but also in regard to spreading activity, 
which in our experience is not confined to tj'pes 4 and 22 of gi'oup A organisms. 

The correlation betw’een capsule formation and hyaluronic acid production 
has been studied by Seastone (82) in a group C streptococcus. The evidence 
there given for the r61e of the hyaluronate capsule in the \Trulence of the Infecting 
organism has been corroborated by Hirst (25), who protected mice by the intra- 
peritoneal injection of leech extracts against fatal infection with a strain of group 
C streptococcus, while against a group A strain only feeble protection i*esulted. 
Blundell (5) obtained a greater mean sur^dvol time in mice infected wdth a group 
A organism, w’hen treated with testicular hyaluinnidase than without treatment. 
IMcClean (47) reported failure to protect either against groups A or C organisms 
ivith testicular hyaluronidase. Kass and Seastone (34) protected mice against 
10 to 100 AI.L.D of groups A and C or^nismsby repeated injections of testicular 
hyaluronidase. Iso protection resulted from injection of inactivated hyaluroni- 
dase. The specificity for streptococcus W’as demonstrated by the failure to 
protect against the fatal infection with a tj^ie I pneumococcus. The failure of 
other authors to obtaia this effect wyis explained by the time lag between injec- 
tions of the enzyme, w'hich allowed the organisms to regenerate their capsules. 
Kass and Seastone further studied the in vitro effect of hyaluionidase on strep- 
tococci. Phagocytosis of group A organisms by human leucocytes and the killing 
power of w'hole blood wns greatly increased by incubation of the organisms with 
hj’aluronidase. In controls with pneumococci no change resulted from incuba- 
tion with hyaluronidase. 

In p/icumococct no correlation between the amount of hyalm'onidase produced 
and the clinical virulence, or between enzjine production and the type of or- 
ganism, was found (30). T^T)e I organisms rarelj' produced the enzyme. 

In staphylococcus aureus no correlation between enssjune production and viru- 
lence was reported by Boe (6). However, Schwabacher et al. (81) found among 
(554 coagulase positive strains of staphylococci 86.7 per cent producing both 
oj-lj’sin and hyaluronidase, 6.9 per cent hyaluronidase positive and a-lyfdn nega- 
tive, 4.4 per cent hyaluronidase negative and a-lysin positive and 2 per cent nega- 
tive for both. None of the 160 coagulase negative strains produced either 
o£-hemol 3 rsin or hyaluronidase. The author concludes that clinical virulence is 
associated fairly clearly with a-hemotysin production and to some extent with 
hyaluronidase production. WTiat part hyaluronidase plays in determining the 
■\irulence of a strain of Staphylococcus was not clear. 

In Cl. TV’elchii, McGean, Rogers and Williams (52) found 12 out of 32 strains 
produced hj'aluronidase. Of these 12 strains 11 produced toxin and 10 were 
derived from clinical cases of gas ^mgrene. In Cl. septicum 20 out of 20 straias 
in vitro produced h 3 ’’aluronidase. Of these 4 were derived from clinical cases 
of gas gangrene, 9 were stock lahoratory strains and 7 ^vere contaminants of 
“‘healthj'” wounds. Seven out of 16 strains of GL oedematiens produced a low 
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titre of hyaluronidase. Six of these w^e stock laboratory strains and one was 
derived from a toxemia in sheep. McClean et al. (52) proposed the determina- 
tion of hyaluronidase and lecithinase for early diagnosis of gas gangrene in wound 
infections. Guinea pigs were infected intramuscularly with organisms of the ga-a 
gangrene group and the presence of the enz 3 anes was determined in the mu^e 
extracts and edema fluid. With Cl. Welchii as infective agent the muscle con- 
tained 2 M.C.P. units 2 hours after infection. With Cl. septicum the infection 
developed more slowly than with CH. Welchii. Edema fluid was not obtained 
before 12 hours after infection, when it as w’ell as the muscle did contain 
hyaluronidase in low concentrations. With Cl. oedematiens the infection pro- 
ceeded sliU more slowly than with Cl. septicum. In some instances 12 hours 
after infection hyaluronidase was detected in the edema fluid, but since many 
strains did not produce hyaluronidase in vitro, this organism was the least satis- 
factory from the point of view of detection of enzymes in the body fluids. The 
authors further proposed to utilize specific antisera for the differential diagnosis 
of the infecting agents in combination with the enzyme determinations, as in 
iwative tests only the specific antisera will inhibit the enzyme of the infecting 
agent (50). 

Clinically the pioposal of McClean et al. was tested by MacLennan (39) in 
39 cases, among them 12 cases of clinical gas gangrene, the others from various 
infections or from non-infected wounds. Only in one case, infected with a strep- 
tococcus pyogenes, was a positive M.C.P. test obtained. 

McClean and Rogers (51) ascribed the failure of MacLennan at least in part to 
the treatment of tbe clinical cases with antisera. In guinea pigs the adminis- 
tration of antisera inhibited and sometimes suppressed the appearance of hy- 
aluronidase and lecithinase. They further tested whether the aze of the infect- 
ing dose explained the difference between the animal experiments and clinical 
cases. A minimal infecting dose of organisms did not diTfimiHh the titre in the 
infected tissues of the guinea pig. They further studied a combination (rf in- 
fecting agents. Cl. histolyticum, which produced no hyaluronidase, caused 
death in combination with a streptococcus earlier than Cl. histolyticum alone. 
The strain of streptococcus used did not produce illness in the guinea pig either 
in presence or in absence of added hyalurcmidase. A combination of Q. histo- 
lyticum with the streptococcus and added hyaluronidase caused death even 
earlier than in the previous experiment. 

MacLennan and associates (40) maintained in a later article that the deter- 
mination (ff hyaluronidase and lecithinase was unsatisfactory as a diagnostic 
procedure. 

F. Substrates of Hyakaronidase. The difference in the apparent activitj' of 
testicular hyaluronidase on hyaluronate of different sources has been discussed 
above. Highly purified testicular hyaluronidase has been stated to hj'drolyze 
beside hyaluronate only two other mucopolysaccharides, one a monosulfmio 
acid ester of hyaluronic acid obtained from cornea (54), the other the chondroitin 
sulfate of hyaline cartilage (67) (43). The hydrolysis of chondroitin sulfate is 
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of considerable interest, since compounds of the general composition of this acid 
occur beside hyalui'onate, in mesodermal tissue, like umbilical cord (64) and skin 
(66) in concentrations about equal to that of hyaluronate. The chondroitin 
sulfate of skin differed in rotation from that of cartilage (56). The two acids 
were found, in collaboration with Dr. Z. Dische, to differ further in their re- 
edstence to alkali and conaderably in the time-intensity cur\'e of their reaction 
with carbazole. Moreover, chondroitin sulfate of skin, and to a lesser degree of 
umbilical cord, in contrast to that of cartilage were resistant to hydrolysis with 
testicular hyaluronidase. 

Is chondroitin sulfate of caiiilage a substrate of hyaluronidase, or is it hy- 
drolysed by another enzyme copresent in the testicular preparations? The 
evidence points to the latter explanation. Chondroitin sulfate is not attacked 
by pneumococcal or streptococcal or leech hy^aluronidases. While it might be 
ai^ed that the bacterial enz^nnes are to a lesser degree true mucopolysacchari- 
dases, this cannot be clauned for the leech enzyme. Furthermore, purified 
testicular hyaluronidase after precipitation by acetone lost most of its chondroitin 
sulfate hydrolysing power, while the hydrolyas of hyaluronate was hardly im- 
paired. However, it seems remarkable that hyaluronidase activity towards 
hyaluronate runs practically paralld with the activity towards chondroitin 
sulfate, whether the fractionation is carried out with metal salts or with adsorp- 
tion. The enzyme hydrolyses chondroitin sulfate with the production of a 
disaccharide without hydi’olysing the sulfate linkage. Humphrey in a recent 
paper (32) foimd no hydrolysis of chondroitin sulfate with streptococcal enzyme 
and a n^Jigible effect with an enzyme prepared from Cl. Welchii. Crude and 
a highly purified testicular enzyme ho-wever at pH 4.8 and 6.0 liberated reducing 
sugars with chondroitin sulfate at a Kite comparable to hyaluronate. Some 
bacterial extracts have been reported to hydrolyse chondroitin sulfate by splitting 
off inorganic sulfate (69). 

III. HtALUBONIC acid and HTALURONIDASE IN ANIMAL PHTSIOLOGT AND 
PATHOLOGY. A. Ocidar Fluids. Hyaluronic acid has been isolated from vitreous 
humor of cattle, swine, and sheep and from the aqueous humor of cattle. Its 
concentration in the normal fluids has been determined by analysis of the hexosa- 
mine content. This procedure involves only a small error, ance the protein, 
being very low in these fluids, contributes very little to the total hexosomine. 
The concentration of hyEdm'onic acid found by isolation was in fair agreement 
with that calculated from the hexosomine values. The polysaccharide content of 
vitreous humor i^es considerably with the species, from a low of about 9 mgm. 
per cent in the cat to a high of about 48 mgm. per cent in cattle eyes, while the 
concentrations in aqueous humor showed little variation (67). 

The origin of the polysaccharide in the ocular fluids is not known with cer- 
taiaty. While the permanent structures of the vitreous body seem to be of 
retinal origin (44), the fluid part probably originates mainly in the ciliary epithel- 
ium which (in this country at least) is considered a secretoiy epithelium. The 
pretence of hyaluronate in the fluids and its absence from serum have been cited 
as evidence for its ori^ from a san:etion rather than a dialysate (66). Hy- 
aiuronate on iniection into the anterior chamber of rabbits disappears rather 
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rapidly. After paracentesis of the anterior chamber the acid reapp>ears (as 
judged by analysis of the hexosamine) after the return of the protein content to 
normal. It was concluded that the acid was constantly produced and removed, 
presumably after enzymatic hydrolysis. Hyaluronidase has been repoited in 
extracts of the ciliary body and iris (67) though Chain and Duthie (9) denied its 
occurrence in these tissues and suggested bacterial contamination as a source of 
the enzjme. The presence of hyaluronidase has been definitely established in 
pooled aqueous humor obtained by aspiration of the eyes of fresUy killed cattle. 
The aqueous humor was lyophilised and the residue dissolved in 1/10 of the origi- 
nal volume. Four units (turbidimetric) of hyaluronidase were found per cc. of 
the concentrate, corresponding to 0.36 unit per cc. of the native fluid (21). It 
is of considerable interest that the hyaluronate present in the same sample was 
found to be almost completely depol 3 merized. While the vitreous humor of 
the same eyes had a hyaluronate concentration (turbidimetric) of 0.75 mgm. per 
cc., the lyophilized aqueous humor showed only 0.00015 mgm. per cc. By 
hexosamine estimation the hyaluronate concentration of the vitreous humor 
ranged from 0.32 to 0.52 mgm. per gram (the lower figures are probably ex- 
plained by the difference in specific gravity and evaporation of water). In 
aqueous humor the hyaluronate concentration was about 0.03 mgm. per gram, 
a value in fair agreement with the concentraiion f oimd by isolation of an impure 
fraction (0.046 mgm. per gram). Since the concentration by the turbidimetric 
method amounted only to 0.0016 mgm. per cc., we may conclude that the hyaluro- 
nate in aqueous humor is depolymeruscd to about 96 per cent of the total. As 
this depolymerization presumably occurred in vivo, we assume that hyaluronate 
is after enzymatic depolymeiization constantly removed through the normal 
exit channels of the eye. 

What i>art hyaluronate plays in the physiology and pathology of vitreous 
humor is unknown. It probably takes part in Ihe maintenance of the turgor 
of the vitreous body. The effect of intravitreal injections of purified testicular 
hyaluronidase in rabbits is bemg studied by Dr. L. von Sallmann. Injections 
of about 100 turbidimetric units appear to liquefy the vitreous humor in vivo. 
The cause of simple glaucoma may well be explained by inhibition of hyaluroni- 
dase in the eye. 

B. Syrmial Fluid. Bauer et al. (1) have reviewed the phyaology of synovial 
fluid. The view expressed in their paper that jovial fluid contains a glyco- 
protein instead of a dissociated mucopolysaccharide seems no longer tenable 
(see p. 337). Furthermore, the concept of the origin of synovial fluid as a 
dialysate to which the “mucin” is added by the passage of the fluid throu^ the 
connective tissue docs not seem probable. If such a mechanism existed then 
pleura and peritoneal fluid and lymph ^uld likewise contain the “mucin” 
which is not dmnonstrably the case. From the appearance of a viscous fluid in 
tissue culture of synovial tissue (86) it may be concluded that hyaluronate is a 
secretory product of some cells (rf the synovial lining. This seems to be borne 
out by tile isolation of hyaluronic acid from a synovioma, not only at the ori^nal 
ate of the tumor, but in metastases in the liver (60). 

The concentration of hyaluronic acid in normal human synovial fluid has not 
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been determined by isolation (see below). In cattle synovial fluid obtained by 
aspiration of astragalo-tibial joints the concentration by isolation was found be- 
tween 20 to 25 mgm. per cent (66). Prom knees of patients with rheumatoid 
arthritis the acid was isolated in 3 different samples in concentrations of 60, 
132 and 206 mgm. per cent. However, it may be questioned whether cattle 
^moml fluid as collected, is normal and comparable to the fluid in human joints. 
Its viscosity is low compared to that of noimal human fluid taken at autopsy 
or from living patients with no pathologj’^ of the joints (72). By extrapolation 
of the dilution curve of human synovial fluid the relative viscosity of the latter 
was estimated as greater than 180, whereas that of the cattle fluid was less than 
10. The volume of the fluid of cattle taken immediately after slaughter is quite 
large, sometimes over 60 cc. It seems possible that due to long standing and 
trauma of the animals before killing the cattle fluid is actually a mixture of syno- 
vial and edema fluid. 

The hyaluronic acid and protein contents and the viscosities of about 30 path- 
ological fluids have been determined (74). The viscosity was variable and never 
higher than that of normal knee joints. The protein content was over 3 per cent, 
that of normal human and cattle fluid below 3 per cent. The \dscosity practically 
was aU due to hyaluronate, since on incubation with enzyme the relative \’iacosity 
feU to slightly above 1.0, corresponding to the viscosity of the remaining protein 
solution (66). 

By the turbidimetric method the hyaluronic acid content varied from 80 to 
270 mgm. per cent. No direct proportionality between viscoaty and hyal- 
uronate concentration was found. In normal human and in cattle syi^ovial 
fluid the hyaluronic acid concentration could not be determined turbidimetrically 
by the above method. In contrast to the pathological fluids the normal fluids 
in the turbidimetric procedure are precipitated as a coherent flbrous clot while 
the pathological fluids with few exceptions precipitated in the form of a stable 
turbidity, ae do vitreous humor and the tumor fluids. On incubation of the 
normal fluids with 0.01 unit of enzyme, far too little to decrease the apparent 
hyaluronate concentration, the clot formation of the normal fluids is prevented 
and hyaluronic £Uiid can be determined turbidimetrically. The amount found 
varied between 80 and 150 mgm. per cent as compared to 80 to 270 mgm. per 
cent in pathological fluids. That is, both the concentration and especially the 
total amount of the fluid in pathological joints is larger than that found in normal 
joints. Hyaluronidase in contrast to normal ocular fluid could not be demon- 
strated m synovial fluid, althou^ the absence of flbre formation may surest 
its presence m low concentrations in pathological joint fluids. 

C. Hy(dwonic Add in Tissues. The presence of hyaluronate in tissues when 
isolation is not possible, can be made probable enzymatically by the use of a 
variety of bacterial and animal enzymes. Judging from the faQuie of isolation 
experiments and the absence of any effect on capillary permeability by purifled 
hyaluronidase, hyalxux»nic acid is not present in capillary cement. The presence 
c£ hyaluronic acid in all connective tissues has not bem established. Positive 
spreading rations in stomach and intestinal walls, in the uterus, in striated 
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muscle, fasciae and tendons with crude testicular extracts have been reported 
(12, 14). It remains to be determined whether the spreading is due to depoly- 
merization of hyaluronate or chondroitm sulfate. In calves’ tendon the poly- 
saccharide is a sulfate ester and is hydrolyzed by testicular hyaluronidase at a 
fast rate (60) . Only in skin and in umbilical cord do larger quantities of hyaluro- 
nate occui’. It seems remarkable that in both tissues chondroitin sulfate is 
present in a concentration roughly equal to that of hyaluronate. Both sub- 
stances have to be regarded as constituting essential components of the inter- 
fibrillar ground or cement substances in these tissues. It seems of great 
importance to gain more information about the nature of such cement substances 
especially for the understanding of the mechanism of diseases of the mesenchymal 
tissues as w’ell as of wound healing and the problem of ageing. 

Beside hj’^aluionate and chondioitin sulfate the mucopolysaccharide isolated 
from amyloid tissue may likewise be such a cement substance. This substance 
is a monosulfudc acid ester, containing acetylhexosamine and a uronic acid in 
equimolar proportioiL The hexosamine has been isolated and characterized 
as d-glucosamine (60). The behaviour of the mucopolysaccharide towards 
hyaluronidases shows that it is not derived from hyaluronic acid. Prom its 
enzymatic behamour and its mactions with alkali and with carbazole it appears 
to be closely related to heparin. It may well be possible that this substance 
accumulates in excesfidve amounts in certain pathological conditions, while in 
small concentrations it may be a normal component of some mesenchjTnal tissue. 

Histologically the presence of hyaluronic acid has not been demonstrated, 
ance no staimng method was known. Hale (23) recently proposed a histo- 
chemical test for hyaluronic acid. After a specific fixation of the tissue, slices 
are treated with iron hydroxide. The iron combines with the acid polysac- 
charides. The bound iron is stained as Prussian blue. For the differentiation 
betw'een hyaluronate and other polysaccharides incubation of the tissue slices 
with streptococcal hyaluronidase is r^jommended, since this enzyme does not 
attack chondroitm sulfate. No experimental results with this method have 
been reported. 

Highly polymerized hyaluronate in a concentration of about 1 per cent shows 
in smears typical metachromatic staming with toluidine blue, w'bile lower 
concentrations foiled to show the effect. The metachromasia is prevented on 
incubation with hyaluronidase (unpublished experiments). The concentrations 
present in tissues are probably never high enough to contribute to the meta- 
chromatic staining. Therefore, the metachromaffla of tissues, done under 
appropriate conditions, probably does indicate sulfate containing compounds 
(37) in connective tissue probably largely chondroitin sulfate. The viscous 
material demonstrated by Bendey (2) in regenerating and young tissue and by 
hlaximow (45) in tissue culture, possibly indicates hyaluronate. The r61e of 
calcium and ascorbic acid in the cement substances of plants and a nimal s has 
been discussed by Reid (74A). 

Kobb Smith (75) has studied histolc^ally in vitro the effect of testicular 
and streptococcal extracts on the muscle of guinea pigs. Eeticulin or collagen 
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were reported not to be affected, but the reticulin membranes became separated 
from the muscle fibres. The author suggests that there may be a layer of 
mucopolysaccharide between the reticulin membrane and the sarcolemma. 
The changes were absent in heated extracts and were prevented by streptococcus 
antisera when streptococcal hyaluronidase was employed. 

A tentative picture of the development of cement substances in mesodermal 
tissue combining the admittedly scanty data may be presented as follows: 
The young fibroblast secretts into the surrounding tissue spaces hyaluronic acid, 
a precursor of collagen, and a chondroitin sulfate. By local acidification in 
the immediate neighborhood of the cells the first fibres are produced by the 
polysaccharides from the native soluble collagen, which denature into the 
insoluble fibre, on the surface of which lies a sheet of the polysaccharides. With 
ageing of the fibres, the polysaccharide layer becomes thinner and the hyaluronate 
is replaced more and more by chondroitin sulfate. Only in metabolically very 
active connective ti^ue like that of akin, hyaluronic acid production continues 
in appreciable quantities. The rdle erf ascorbic acid (87) in the process of fibre 
formation may be that it actually is a component of chondroitin sulfate, replacing 
in the chain some of the glucuronic acid molecules. 

D. Hyaluronic Acid and ErythrocyU Sedimentation Rate, Hyaluronic acid 
in common with other asymmetrical molecules increases the erythocyte sedi- 
mentatimi rate in vitro or after intravenous injections (61). It was further 
observed in this laboratory that purified testicular hyaluronidase decreased 
in vitro the sedimentation rate of blood of patients, especially in rheumatic 
fever. This action was fmt thought to be due to the hyaluronidase contained 
in the enzyme preparations. However, it became apparent that hj^aluronidase 
activity as determined by chemical or physico-chemical methods was not pro- 
portional to the action on sedimentatiem rate. This became still more obvious 
when it was found that en 2 yme preparations fractionated by lead acetate no 
longer acted on sedimentation rate, when lead was removed by Na 2 S instead 
of dialyas, while the hyaluronidase activity was not altered. In further experi- 
ments by Dr. C. Ragan (unpublished) the mechanism of the action on eiythro- 
(ytes w'as found to be due to spherocyte formation, caused by an enzymatic 
aoti(m of unknown nature on the erythrocyte membrane. 

The effect of hyaluronate on erythrocytes seems comparable to the precipi- 
tation of large particles, such as hemocyanine, liver particles and a number of 
viruses by some colloids of high molecular weight (10). The precipitation 
occurs at neutrality and apparently' is not due to polar forces. Depolymerized 
hyaluronate had no effect. It seems remarkable that hyaluronate of high 
polymerization had a much larger effect quantitatively than either chondroitin 
sulfate or heparin (see fig. 1 of Cohen and personal communication). The 
mechanism of this action does not seem clear, but may be connected with complex 
coacen'ation (7) and ob-^dously deserves further study. 

E. Hyaluronidaae in the Aniinal Body. The r61e of testicular hyaluronidase 
in testis probabity is confined to the dispeimon of tiie cumulus cells in the process 
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of fertilization (53) (80) (15A). Apparently only mature spermatozoa contain 
a high concentration of the enzjTne. Testes of birds, amphibia and reptiles 
contain little (12). The mucus of the cemcal plug is not acted upon 
by hyaluronidase (63) (80). The hyaluronidase of human semen has been in- 
vestigated by several workers f32A) (35A) (86A). Kurzrok et al. bj’ a modified 
M.C.P. test found a critical value for hyaluronidase of 50 million sperm per cc. 
Hyaluronidase activity did not run parallel to spenn population. Some ap- 
parently normal semen was foimd to be deficient in hyaluronidase, concomitant 
with inability^ to cause fertilization. Mixing of semen and testicular hyaluroni- 
dase or application of hyaluronidase in powder form to the cen’ix was said to 
have increased condderably the number of successful fertilizations. 

No conclusive data are available for the occurrence of hyaluronidase in blood. 
Intravenously injected enzyme is rapidly eliminated from the circulation. 

The demonstration of hyaluronicbse in aqueous humor has already been 
mentioned. 

A relatively large concentration of hyaluronidase occurs in skin (67). In 
press juice of ground rabbit skin very little activity can be demonstrated, but 
when the material is autolysed in presence of toluol in phosphate buffer of 
pH 5.0, a relatively large concentration is found in the supernatant solution. 
Chain and Duthie (9) were unable to find any hyaluronidase in skin. However, 
the authors likewise failed to obtain a spreading reaction with skin extracts, 
in contrast to Duran-Reynals’ (12) and our experiments. The higher concen- 
tration in autolysed material may be due either to the liberation of eniyme 
bound to cell structures or convermcai of inactive into acth'e material. The 
latter hypothesds seems more likely. (X interest in this connection is the obser- 
vation of Duran-Reynals that washed glandular tissues of poisonous snakes 
are almost free of hyaluronidase, whereas it appears with tire glandular se- 
cretion. 

The concentration of potential hyaluronidase in skin may be stiU higher than 
that found, ance during autotyris condderable destruction of added enzyme 
occurs. 

The occurrence of hyaluronic acid and hyaluronidase in sldn may point to 
a rather rapid turnover of the former. This turnover may be related by 
certom hormones. Luria and Zappasodi (38) found a significant increase 
in the spreading effect in rabbits treated with lutcioizing hormone. Other 
workers (84) have found a decreased reaction under the influence of follicular 
hormone. The edema fluid of the sex skin erf monkeys in the estrus phase 
has been reported to be similar to synovial fluid (9). The turgescence of the 
sex iddn of the baboon during the menstrual cycles was studied by Clarke (9A). 
A considerable part of the water uptake of the sldn was apparently bound water 
since no free edema fluid could be demonstrated. The deturgescence at the 
end (rf the estrus cych supplied the animal with fluid for 11 days. We may 
assume that this fluid was bound by hyaluronic acid. 

Localized hyaluronidase action has been suggested as a possible explanation 
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for the bullae formation in pemphigus (38A). However, after intradermal 
injection of hyaluronidase into normal people and into patients suffering from a 
variety of rheumatic diseases, bullae were never observed. 

F. Clinical Application. The use of hyahironidase in artificial insemination 
has been mentioned aboA^e. 

On injection of purified testicular h 3 'aluronidase into the knee joints of patients 
suffering from rheumatoid arthritis the viscosity of the fluid was remarkably 
reduced. No change was observed in the imderljing disease. One week after 
the injection, the viscosity of the fluid had returned to the original level (73). 

In one patient having a mesenthelioma of the pleura and peritoneum purified 
testicular hyahironidase of bull or ram was injected intraperitoneally to facilitate 
removal of a fluid of honey-fike consistency (85). Without hyaluronidase 
injection, evacuation of the fluid was difficult and incomplete. After injection 
of 16,000 to 80,000 units of hyaluronidase, fluid of low viscosity could be com- 
pletely removed in a short time. No immediate harmful effects of the injections 
were apparent. Injections and paracentesis were repeated at various inten'als. 
The tumor finally did not seem to produce as much fluid as originally. On 
autopsA' large tumor masses were found in pieritoneum and pleura with little 
fluid mostly encapsulated. 

A connection between hyaluronic acid and hyaluronidase and rheumatic 
diseases, especially rheumatic fever, has probably been suspected bj’ many 
workers. In a number of articles Guerra (16) recently reported the inhibiting 
effect of sodium salicylate on the spreading of India ink, in rabbits injected 
with crude testicular hyaluronidase. The area of spreading without hyaluroni- 
dase was reduced bj’ 20 per cent with 0.07 and by 31 per cent Avith 0.10 gram 
per kgm. of sodium salicylate. With hyaluronidase injection the area 
of spreading was r duced 57 per cent Avitb 0.07 gram per kgm. and 00 per cent Avith 
0.1 gram pL>r kgm. of sotUiim salicjd ite. Sulfadiazine did not decrease the spread- 
ing effect of hyuluronidube. 

In human subjects intradermal injection of the ensyme Avith the dye T1824; 
was said (17) to cause, in indiAuduals Avith active or inactive rheumatic fever, 
unique reactions A^'ith enormous diffusion of the dye and local edema that 
sometimes involved the entire arm. Salic^date inhibited tiie spreading reaction 
in those cases. The type of reaction aa'us also obserA'ed in one male Avith exan- 
thematic tj’phus. 

In this laboratory’’ salicylate in Autro in equlA’-alent or higher concentration 
has been found to be without effect on the depoljTnerization or hydrolysis 
of hy^aluronate. lIoAvever the marked depressing action on r1Ht> diffusion 
in rabbits has been confirmed (J. A. Cc«s, personal commAmication). The explar 
nation of this effect as well as the beneficial action oi salicylate on some rheu- 
matic manifestations may be found in an inhibition of hyaluronate production 
of mesenchymal cells. 


CONCnimiONS 

It is obvious from this leAdew that the relation^p betAveen bacterial infection 
and the hyaluronidase system has continued to receive more of the attention 
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of investigators than has the metabolism of hyaluronic acid and its rdle in 
animal physiology and pathol(^. From the scanty data available, it seems 
obvious that the functions of the skin, of the ocular fluids, of synovial fluid 
and of the connective tissues in general must depend in part on the quantity and 
degree of abrogation of hyaluronic acid. Gels formed by the acid ser\’e partly 
as the cement which holds cells tc^thei. In other structures as in the joint 
they protect internal surfaces, or they are part of the viscous barriers as in some 
connective tissues which regulate the exchange of metabolites and water. Ihus 
the physiological aspects of hyaluronic acid as well as of other mesodermal 
cement substances seem to be of even greater importance than their r 61 e in 
infection. 
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PATHOGENETIC FACTORS AND PATHOLOGICAL CONSEQUENCES 
OF DECOAIPHESSION SICIiNESiS 

n R CATCHPOLL^ .vxu ISIDORE fiERSH^ 

Nainl Mcdiinl Rfuarch Li'.nh.U Btth^bJaj ild., and Dcjmilmcnt oj Anatomi}, The Jolina 
Ho pi i Hi, Uiiii'L bitj, Baltihioii, Md 

For almobt fifty years no comprehensive re\’iew of the pathological conse- 
quences of decompression sickness has appeared. The renews of Paul Bert 
(1878) and of Heller, iMager and von Schrotter (1900) defined the etiology of the 
disease and formulated the main aspects of its pathological results. The views 
of these authors have remained essentially unchallenged. But since that time a 
great clarification of the physical factors involved in aeroembolism has come 
about and a need has aii^n to integrate more recent work in pathology’’ with the 
oldei* literature, with the objective of reinterpreting both in terms of these 
physical factom. 

In dealing with this literature, key inferences have been prefeiTed to exhaustive 
quotation. Deliberate limitations in subject matter have caused the exclusion 
from discussion of changes referable to the air-containing cavities, where aip 
eiqpansion per se gives rise to the pathological effect (pain, mpture, hemorrhage); 
thus removed from consideration are: aero-otitis media, sinus pain, pain and 
other effects arising from trapped gases in the int^tinal tract, and, as possibly 
connected with the same phenomenon, pain associated with the teeth (86, 
114, 129). 

Some of these factors as pertaining to amtion have been dealt with by Arm- 
strong (1). Also excluded ore conmderations of patholo^cal physiological 
changes, e.g., in renal, cardiac and metabolic functions, in the gastro-intestinal 
tract, in the composition of the blood, in blood vessels and in the general phe- 
nomenon of shock. Effects due to anesthesia have been omitted, but a section 
on drugs and exercise is included. Effects directly referable to acute and chronic 
anoxia have also been omitted. In so doing, an effort has been made to separate 
the r^ults of low oxygen on the body as a whole from those traceable to aeroem- 
bolism. 

This review falls into two sections. In the first, physical and mathematical 
considerations governing the uptake and elimination of gases by the body and 
by indi^’idual tissues are discussed, and the conditions are defined for the relative 
susceptibility of a given site to bubble formation. In the second section, the 
gross and microscopical pathology of organs and tissues following decompression 
are related to these factors. 'While the effects of pressure and those of altitude 
ore usually contidered separately, the three categories of caisson disease, decom- 
pr^on sickness of divers, and aeroembolism of aviators, ore regarded as basicslly 
similar entities, in which patholopcal differences are, or will prove to be, ad^ 
quately explained by reference to the physical factors involved. 

^Present address: Department of Pathology, Uaivorsity of lUinois, College of Medicine, 
Chicago, m. 
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Pathogenetic factors in decompression sickness. Physical Considera- 
tions. Mathematical principles. The plienomena accompanying gas bubble 
evolution in the bodies of animals subjected to decompression have led recently 
to a revival of intei’est in the purely ph 3 rsical mechanisms in'\ olved in the separa- 
tion of a gaseous phase from a saturated or supersaturated solution of a gas. 
This topic had already been e3q)lored in the eighteen seventies (for early litera- 
ture, see 38, 72). Ihe conditions for stability of a bubble of gas immersed in a 
liquid saturated -with gas at 1 atmo^here have been defined (38, 72, 102) by the 
rdation: 

P = H + 2ff/T 

where P = pi’essure in the bubble in excess of atmospheric, H = the hydrostatic 
pressure at the bubble level, a- = surface tension of the liquid, r = radius of the 
bubble. 

As the radius r of the bubble diminishes, the second term of the above expres- 
sion gets larger, and when r approaches the dimensions of a water molecule, the 
excess pressure due to the surface tension of the liquid is counted in thousands of 
atmospheres (38). There exists, in fact, a lower critical value for r (that is, a 
TniniTTinm bubble size) below which this excess pressure will literally squeeze the 
gas back into solution (72, 102, 128). Above the minimum size, however, the 
bubble will grow by diffusion as long as the tension of dissolved gas in its vicinity 
is greater than the gas tension in the bubble. For a free bubble to arise de novo 
it is necessary that this minimal size be achieved by suffident molecules sunul- 
taneously attaining enough energy to oveiwme the forces of attraction between 
them. This was considered to be within the realms of statistical probability by 
Piccard (128). However, other theoretical treatments and experimental work 
reported by Dean (38) and Hanley (72) lead to the condudon that bubbles do not 
tend to form in liquids ^ontaneously unless hi^ negative pre^ur^ or consideiv 
able degrees of superheat are applied. 

Gas masses existing in cracks or attached to irregular surfaces, on the other 
hand, have very different conditions for stability depending on the geometry of 
the surface, the shape of the gas-liquid-sdid junction, contact angles, surface 
tension and A P (see below) which have been worked out for certain situations 
(72). Sudi gas masses may be stable at or below a critical size, but they grow 
indefinitely by diffusion above this critical size; an important property is that 
their gas content may be increased gradually by successive boostings. Gas 
nudei are defined (72) as small invisible masses of gas usually, but not always, 
attached to a surface, which grow by inward diffusion of gas from the surrounding 
liquids. These enlarged masses may eventually become detadied as free bubbles, 
or bubbles may become detached leaving bdiind a nudeus for the growth of other 
bubbles. The angin of these gas ooUections is obscure. The condition that they 
normally be attached to a surface, or contained in a crack, arises from the insta- 
bility of gmfl.ll free bubble noted above. Gas monolayers axe bdieved not to 
promote bubble foimation, but the possibility that mull^yers of gas may act as 
nudei has been suggested (38). Hydrophobic surfaces hold gases very tena- 
doudy (72) but there is no evidence that tissue surfaces possess such properties. 
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Gas nuclei may be produced in surface cracks or acute angled cavities by statisti- 
cal fluctuations of gas molecules (72, cf. also 128). 

Harvey (71, 72) has introduced a useful expression to define the tendency, 
A P, of a gas to leave a liquid phase: 

AP = i - P 

where t = gas tension in the liquid; P = hydrostatic pressure (this may be posi- 
tive or negative in sign; the latter condition obtains when a pull is exerted on a 
liquid). Bubbles may form de novo when a very high negative pressure is pro- 
duced in a liquid (when P is negative, AP increases). Acting in ^e vicinity of a 
gas nucleus, local negative pressures will favor the diffusion of gases into the 
nucleus. Such “cavitation” of a liquid may aiise thi’oug^ pressure pulses, sound 
waves, Bernoulli effects (motion of liquids through constricted tubes), tui'bulent 
motion and through stretching. Increase of i will produce the same effect by 
pro\’iding a richer population of gas molecules for diffusion. Dean (38) attri- 
buted most cases of bubble formation in liquids in motion to vortices produced 
by turbulent flow. However, the streamlining of the vascular flow militates 
against this view as applied to bubble formation in animals (72). 

Models of systems containing gas nuclei were studied by Pease et al. (126). 
Capric acid (M. P. 31®C) cooled to the point of crystallization provided foci for 
cavitation in aqueous solutions, and the process was reversed on wanning; i.e., 
gas nuclei were apparently created and destroyed by these procedures. The same 
authors found that stearate monolayers on glass promoted cavitation; alcohols, 
amino adds and proteins abolished this effect. Removal of gas nuclei from 
liquids was early described by Tomlinson (dted by Dean, 38), and since that time 
bubble nudd have been variously removed by boiling or partial evacuation of 
water, followed by standing (38); by centrifugalizing, filtering, boiling or subjec- 
ting to 1000 atmospheres pressure (72); and by pressure, evacuation or chemical 
agents (126). The remarkable properties of liquids freed from gas nudd in 
resisting superheat and negative pressures have been frequently described (72, 97, 
98). Harvey et al. (73) distinguished between macronucld, removable from 
water by centrifugalization, and micronucld, removable only by high pressures 
(1090 atmospheres). Freshly drawn blood is completdy free of macro- and 
micronucld; such nudd ore ndther present in the blood plasma, nor attached to 
formed dements or to any other constituent of the blood. It must therefore be 
assumed that they are attached to the lining of blood vessels, and that bubbles 
formed at the dtes of the nudd are released into the circulation (72). 

Factors in ifte growth qf gas nwclei in the body. If the concept of AP = i — P 
be adopted as a measure of the bubble forming tendency, and the presence of gas 
nudd in the body be accepted, a number of conditions favoring, or tending to 
prevent, bubble formation become intelli^ble. Local production of COs in- 
creases t and therefore increases AP, and so conduce to bubble appearance (69, 
110); muscular activity, besides increasing the COs tendon locally ^ves rise to 
mechanioai tendons and to consequent decrease in P; for both reasons it favors 
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bubble formation (28, 68, 110, 177). Tissue manipulation of almost any kind 
(stretching, cutting, crushing) leads to the same result (73). Bone fractures are 
a potent site of bubble foimation (17, 70), since they lead to sharp momentary 
falls in the value of P. Bubbles form more readilj’^ in veins (low P) thfi.n in 
arteries (high P) (72, 177). Among factors delaying or preventing bubble for- 
mation in cats stimulated to muscular activity at altitude were: pre-stimulation 
(109, 177), anoxia (109, 69), traumatization of legs by skinning (109) ; these treat- 
ments promote local hyperemia or hyperventilation, and result generally in an 
increased value for P combined with faster elimination of nitrogen. Not sus- 
ceptible of such simple anal 3 rsia are the effects of vasoconstriction, which are 
equivocal, and of vasodilatation (ammophyllin), which are negative (137). It is 
evident that for the body as a whole, AP represents an aggregate of pressure 
differences of constantly var 3 dng magnitude in different sites. The situation is 
summarized by Harvey (72): “at ground level AP is nearly zero in tissues to 
negative in arteries. On rapid ascent to high altitude it is at first positive every- 
where, but quickly becomes negative in arteries (due to blood pressm’e and rapid 
equilibration with alveolar air), remaining locally high in small vessels (due to 
CO 2 and Na of tissues) for a time, finally becoming zero to negative except for 
re^ons of fat deposits or very poor circulation.” 

Estahliahmeni of critical pressure differences. Decompresaon establishes AP 
values necessary for bubbles to grow. Boycott, Damant and Haldane (21) found 
experimentally in goats and man that decompression from 2.3 atmospheres to one 
atmosphere never produced symptoms. On the basis of equivalent gas volume 
they argued that a drop of approximately one-half of the original gas pressure 
would be safe whatever its value (e.g., from 4 to 2 atmospheres, from 6 to 3 atmos- 
pheres, etc.). But as will be seen in a succeeding section, this assumption is 
untenable, and Haldane himself (65) has stated that above six atmo^heres it is 
no longer quite S£de to halve the initial pr^sure. Behnke (5) proceeded on the 
basis that the difference between tissue gas pressure and the external pressure 
should at no time exceed 1.3 atmospheres (2.3 minus 1.0 atmosphere). He then 
calculated decompr^on rates that would hold the external pressure at not more 
than 15 Ib/sq. in. below the greatest tissue pressure. The views of both Haldane 
and Behnke have been critically examined by de Bur^ Daly and his associates 
(37, 43). Smaller animals appear to be able to tolerate greater pr^sure differ- 
entials. Guinea pigs survive decompresaon from 60 Ib/sq. in. (^uge) to atmos- 
pheric pressure (15 Ib/sq.in.), and bubbles are produced with difficulty in rats 
and mice. 

For the occurr^ce of aeroembolism in man there appears to be a critical alti- 
tude of 20,000 to 25,000 feet (0.45 to 0.37 atmosphere) as ^ven by the Britidi 
authoriti^ (133), or perhaps somewhat hi^er. Under extreme conditions of 
stimulation, bubbles appear in cats decompressed to 35,000 feet (0.23 atmos- 
phere). In rabbits, bubbles can not usualty be produced at 40,000 feet (0.18 
atmosphere); at 45,(X)0 feet they are formed under specified conditions (27). 
Bubbles scarcely appear in quiet frogs below 60,000 feet, ^thou^ violent mus- 
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cular acti^’ity reduces the ceiling considerably (177). The smaller rodents again 
are relatively refractory to bubble formation and rats at altitude, in a state of 
normal actmty, do not yield bubbles at 50,000 feet (177). 

EJfed of rate of decompression. Since the time of Paul Bert, it has been repeat- 
edly demonstrated that the severity of decompression sickness is directly related 
to the rate of decompression. a.ytitude studies by Griffin et al. (62) compared 
the effect of chfF^’ent rates of ascent (1000 and 6000 ft. per minute) and showed 
a markedly greater susceptibility to bends after the faster ascents. 

Systematic studies on rabbits decompressed to altitude showed a relation of 
rate of decompression to the incidence and severity of bubble foimation (table 1) 
(27). When decompressed to 45,000 feet in eight minutes or less, mortality was 
high, and survival time became progressively shorter as the time to altitude 
decreased. At decompression times exceeding ten minutes to reach 46,000 feet, 
mortality was low and bubble incidence minimal or zero. 

TABLE 1 


Effect of rate of deeompressiori, on the BO per cent survival time, the percentage of deaths, and 
the symptoms of rabbits decompressed to 4B,000 ft. 


K.VTC or otuxntrarsaioM 

W.* CTKT SDBVIVU. l 
TDCE 

1 FCKCENTVOC OV DCVTBS 

VVERAOE B0BBLX 

nrcioENCx stmx: o (no 

B0BBIXS) TO 5 fVOat 

mnix&ons) 127 1 

S-10 sec 

1 

12 

1 

81 

6 to 2 

30 sec. to 1 min.. . .... 

7 

92 

3 to 1 

2 min. to 5 min.. . . 

13 

66 

2 to 0 

6 min. to 8 min 

17 

80 

1 to 0 

10 min 

30 

16 

0 


Similar considerations appeared to control the death of animals receiving injec- 
tions of air at varying rates into periphmal v^sels (140). 

Decompression from hdgh pressures and io altitude. The principle that decom- 
pression from five atmospheres to one is far more hazardous than from one 
atmosphere to one-fifth of an atm(»ph^e was demonstrated in vitro by Piccard 
(1%) . Water saturated with air gave brisk effervescence in the former case, and 
dow, delayed evolution m the latter. The total volume of gas available for re- 
lease was the same in both instances. The explanation (68, 128) lies in the 
greater weight of gas dissolved at the high pressure, and consequently the greater 
number of gas molecules available for diffusion into gas nuclei (or for the forma- 
tion of aggr^tes of gas by collision). This determines the rapidily of bubble 
formation, when the pressure is suddenly released. An in vivo counterpart of 
this demonstration is shown by a comparison of bubble frequency and duFfctibu- 
tion in guinea pigs decompressed from 1051b/sq. in. gauge pressure to atmo^heric 
pressure, and in rabbits decompr^sed from ground level to 45,000 feet (51). 
Bubble foxination was far more severe in the formjer case (table 2) althou^ the 
islative presBure reduction was seven to oae in both. These imtlts are entirely 
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similar to those reported by de Burgh Daly et al. (37, 43) who compared the 
results of decompressing mbbits, guinea pigs and rats from 6.3 to 1.0 atmosphere, 
and from 1.0 to 0.16 atmosphere. It is clear that the reduction in pressure by 
one half employed by Boycott, Damont and Haldane (21) would actually become 
more hazardous as the initial pressure increased. 

Composiiion of gas hubbies. It was conclusively sho\vn by Paul Bert (18) that 
nitrogen formed the major constituent of gas bubbles recovered from nnimnlfl 
after decompiession from compressed air atmospheres. The r61e played bj' CO* 
in bubble formation has given rise to some speculation as to the composition of 
gas bubbles at the site of formation. Gas difPusion constants for the common 
respiratory gases are approximately equal, and the composition of a bubble will 


TABLE 2 

Comparison of the distribution of gas bubbles in roibbits decompressed to a simulated altitude of 
4S,0(X)feet with guinea pigs decompressed from compressed air at 105 lb. per sq. in. {gauge) 



EIOB pscssnuc 

LOW PSESSUKE 

Extravascular gas bubbles | 

1 


Adrenal 

Numerous 

None 

Nerves 

Numerous 

None 

Eat (intracellular) 

Numerous 

None 

Blood vessels 



Arteries and veizus 

Present 

Present 

Capillaries 

Present 

Fat only 

Spleen 



Sinusoids 

Present 

Present 

Arteries and veins 

Present 

Present 

Branches of pulmonary arteries 

Present iu many 

Present in few 

liver 



Sinusoids 

None 

None 

Central vein 

Pew 

Few 

liver cells 

Watery vacuoles 

No watery vacuoles 


present 

present 

Intestine 

Numerous 

Few 

Muscle 

Numerous 

Few 


therefore be laj^ely controlled by the amount of gases close to it (38). Carbon 
dioxide is some 50 times more soluble in water than nitrogen. In CO* rich re- 
ckons, such as a contracting muscle, this gas may condition the formation of the 
primary bubble and represent its prindpal constituent, at least for a while. 
Recent experiments (69, 110) support the rdle of CO* as a facilitator in bubble 
formation. When the bubble ridi in COi is moved to a body r^on rich in nitro- 
gen and poor in CO*, the latter gas will difbise out and nitrogen in, to give bubbles 
essentially composed of nitrogen. 

Qas Uptake and Eliminaidon. Madiematicat principles. Since the first demon- 
stration of the importance of nitrogen in events leading to decompression dokness, 
attempts have been made to analyse eaperimentally and d^iibe theoretically 
the course of gas uptake or ehmination when the ambient pressure is raised or 
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lowered. That gas uptaJke would present the characteristics of a logarithmic 
relationship was recognized by Zuntz fl85) and by Heller, Mager and von 
Schrotter (80). Employing the findings of Vernon (168) on the high solubility 
of nitrogen in fat, Boycott et al. (21) also presented a logarithmic relationship, 
but indicated a slower rate of saturation per round of circulation than the above 
authors. They stated further that their computations gave a rough approxi- 
mation only to the actual rate of saturation for the body as a whole, due to varia- 
tions in blood flow to the several tissues and to differences in body composition. 
Experimentally they found in goats a 94 per cent saturation in 3 hours. From this 
they deduced a similar degree of saturation for man in 5 hours. In computing 
decompression tables for divers, they arbitrarily assumed the existence of tissues 
having half saturation times of 5, 10, 40 and 75 minutes, while admitting the 

possibility of tissues saturating at 3'et slower rates. Campbell and Hill (23) 
showed that about one third of the gaseous nitrogen of the human body was re- 
moved in the first few minutes while breathing 100 por csnt oxygen, but some 
tissues were found to lemain unsaturated after several hours’ excess pressure (24). 
Hawkins, Shilling and Hansen (76) from a studj' of a large series of experimental 
dives modified the British decompression tables. They also adhered to the 
assumption of tissues haring half saturation times of 5 to 75 minutes. De- 
compression times wei*e radically reduced, especiallj' for dives of short duration, 
in which the “slow” tissues would have become only partially saturated. 

That saturation and desaturation curves should be i-eciprocal was indicated 
by Boycott et al. (21) tnd S'ho’'\n exp^i’ini'^ntally bj' .‘"•haw et al. (146). The 
latter further showed that nitrogen absorption obeys Henry’s law. A somewhat 
different concept was introduced by Behnke and his co-workers (5, 6, 7, 8, 12). 
Total nitrogen of the body was considered to be partitioned between aqueous 
and fatty phases, and the curve of nitrogen elimination was represented as the 
sum of two exponential e.xpressions governing respectively the “water” nitrogen 
and the “fat” nitrogen. There was satisfactory agreement between nitrogen 
elimination found for man, and that csdculated from the equation: 

Y = 382 (1 - 0 + 458 (1 - 0 

(water) (fat) 

where Y = total elimination of Nj, t — time in minutes, e — base of natural log- 
arithms (12). 

Some question was expressed sub^quently of the adequacy of the A; values 
cited above. XJnderwoood and Diaz (164) injected radon into the saphenous 
vein of the dog and studied its elimination through the lung at one minute inter- 
vals for four minutes. Fart of the gas in the body was shunted to regions of 
poor circulation and was not measured in the dhort time interval allowed. They 
found It values of 0.66 as compared with the much smaller values obtained by 
Behnke (12), and believed that their figure applied to gas leaving the blood 
whereas the Behnke values were for gas entering the blood from tissues. This 
finding wa» held to resolve the difidculty encountered by Shaw et al. (146) which 
led to their postulation of a peculiar state of nitrogen supersaturation in vvoo. 
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Smith and Morales (150, 151J, Morales and Smith (117, 118, 119), Jones et al. 
(90), and Ftrris et al. (48) have contributed further to the anal\"sib of blood-tissue 
gas exchanges and it becomes nocesbaiy to establish the general trend of such 
attempts to date. It appeai-s to be implicit in the work of Boycott et al. (21) 
that the total body nitrogen I’eaeixoir may be repi’esentod as rhe sum of 5 (or 
morc) arbitrary' “tissues” with half saturation times of 5 to 75 minutes. Shaw 
et al. (146) and Behnke et al. (12) also conadered that nitrogen elimination could 
be represented empirically by one or more exponential equation of the form 

y = A (1 - e -^0 

where Y — amount of Nj eliminated in time t (minutes), *1 = amomit of N 2 
originall 3 ' present, k = constant of elimination, e = base of natural logarithms. 

In actual practice two such functions were used and referred to water and fat 
phases respectivelj’. Undenvood and Diaz (164) generalized from the work of 
these latter authors to the form 

Q = S.<2o (1 - e-V) 

w^here Q p total amount of gas eliminated, t = time in minutes, tQo = initial 
amount of gas present in the i state (i.e., in water, fat, etc.), k\ = elimination 
constant for tlie t state, e = base of natural logarithms. 

Smith and Morales (ISO) in developing an equation for the uptake of inert 
gas by tissue regions, e,g., the tissues of a limb, considered the following phjrsical 
and physiological factors to be operative in gas exchange: blood volume of the re- 
gion, delivery rate of blood flow, delivmy concentration of gas in the blood, tissue 
volume, gas solubility in each tissue, area of the capillary bed, and tiisue perme- 
ability to the gas. They derived an expression for tissue regions identical in 
form with that of Undei*w’ood and Diaz (164) but in which the various Q and k 
values were invested with physiological meaning. These quantities are' not to 
be considered as characteristics of a specific tissue component (water or fat, 
etc.), but are functions of all tissues of the re^on, and of the circulation. Thej' 
concluded (117) that the early, more rapid absoiption stage is governed by the 
blood and by aqueous tissues in cl(^ relation to it, and the slow’er, Iatei‘ stages 
predominantly by fatty tissues; that these procesbes are nevertheleiM simul- 
taneous and conditioned by physical and physiological factors whose importance 
vaiies from tissue to tissue and from region to region. These factors may be 
varied, e.g., by the substitution of one inert gas bj’- another, by inercaang blood 
flow to a repon and by altering the degree of fatness. By the method of de- 
ri\’ing the general equation employed by these authors, the effects of altering 
these variables are claimed to become predictable. Further, these quantities 
may be measured independently of gas uptake, and substitution inlo the equa- 
tions developed gave agreements held to be close enough to justify the method 
of approach (117). Jones et al. (90, dted 117) found cur\"es for nitrogen de- 
satuiation of the whole body to conform to the general equation. They em- 
phasize in particular the r61e of the circulation, and believe that all their results 
ore explainable on the basis of ^ solubility snd blood-tissue rates. 
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Gai solubilities. The greater susceptibility of fat individuals to decompres- 
sioii sickness was noted by Boycott and Damant (20) who deplored the fact that 
increase in experience and technical skill should so often be associated with the 
increasing waist that accompanies the onset of middle life. This susceptibility 
was attrilmted to the greater solubility of nitrogen in fat which becomes a gas 
reservoir maintaining nitrogen pressure long enough for bubbles to form during 
the pressure drop of decompression. From this time, considerations of gas 
Bolubilit 5 ' in body constituents have occupied an important r61e in the theory 
and practice of decompression sickness. It is generally held that tissues, with 
the exception of fat, take up gases in proportion to their water content (23). 
Data on the solubility of gases in plasma and body fat are incomplete, but their 
solubility in water and certain oils is better known. Since the effects of salts 
and proteins (74, 75, 144, 167) and the differmices in the nature of the lipids (168) 

TABLE 3 


Solubilities, relative eohibilitiea and ratio of solubility in oil to solubility in water of respiratory 
and ineit gases presented in order of ascending molecular weight and density. Cited in 

part from ref. 161 
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1.6 

1.9 
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4.5 

3.0 

2.8 

He 

4.0 

0.138 

0.S5 

1.0 

1.6 

1.0 

1.7 

Nf 

28.0 

0.963 

1.3 

1.5 

6.7 

4.5 

5.2 

0, 

32.0 

1.105 

2.4 

2.8 

12 

8.0 

5.0 

A 

39.0 

1.38 

2.6 

3.1 

14 

9.6 

5.4 

CO, 

44.0 

1.529 


66.0 

87.6 

58.0 

1.6 

Kr 

88.7 

2.868 

4.6 

6.3 

43 

29 

9.0 

Xe 

j 131.3 

4.525 

8.5 

10.0 

170 

110 

20.0 

Hn 

222 

7.626 

15 

17.6 

1900 

1300 

126.0 


on gas solubility are relatively small, the values for water and oU may be used 
Bs first approximations for plasma and fat (12, 23, 168). Oil and water solu- 
bilities of Hs, Os, COs, Ns and of the inert gases He, Ne, A, Kr, Xe, Bn have been 
recently critically examined and tabulated (161). Values for some members of the 
series were newly derived using a radioactive isotope technique, while other values 
were derived from the older literature. Some of these results are included in 
table 3. 

Nitrogen. If the fat content of the body is 15 to 20 per cent, the fivefold greater 
solubili^ of nilrogen in fat compared with water implira that one-haJf of the 
total nitrogen of the body is dissolved in fatty tissue (6, 12, 21, 23). During 
short exposures to excess pressure, fat may act as a reservdr to protect ihebody 
a^nst sudden flooding with bubbles (5). Tunes for essentially complete saturar 
tion of the body by nitrogen are ^ven as: man, 5-fl hours (20, ^); dog, 3-4 hours 
(146); goat, *3 hours (21). Small animals saturate and d^tuiate much 
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more rapidly (21) and require higher pressure differentials to elicit bubble 
formation. 

Oxygen. In atmospheres of compressed air, the amount of dissolved oxygen in 
tissues represents an inconsiderable part of the dissolved gases. However, the 
oil-water ratio for oxygen approximates that for mtrogen, and exposure to 100 
per cent oxygen imder pressure followed by decompression leads to the appear- 
ance of gas bubbles (63, 81, 83). For reasons believed to involve tissue damage 
by oxygen under preKure, bubble formation was of less intensity on decompression 
from oxygen atmo^heres (63). In decompre^ons to altitude from oxygen at 
atmospheric pressure the formation of bubbles is greatly reduced, and pretreat- 
ment with oxygen is commonly employed for protection under these circumstan- 
ces (28, 49, 177, 179). 

Helium. A low oil-water ratio and the low solubility in both plasma and fat 
has rendered this gas relatively ideal as a diluent for oxygen in diving (6, 13, 15). 
The total body content of He at saturation is only 40 per cent that of Nj and 
relatively less is present in the “slow” tissues. Time for helium elimination is 
approximately 50 per cent that required by nitrogen. There is a cutaneous dif- 
fusion of helium of 60 cc. per hour which increases rapidly above 28°C with the 
concurrent sharp rise in peripheral blood flow (14). 

Hydrogen. The solubility characteiistics of hydrogen are less favorable than 
those of helium and no special advantage is gained by its use. It has been em- 
ployed in experimental diving work (183). 

Argon, Xenon, Krypton, Rodion. The oil/water solubilities of th^ gases 
increase rougihly in proportion to thdr atomic wei^ts (91) . The last three have 
found application chiefly as radioactive tracers. Use of argon as a diluent for 
oxygen in compression studies has served to confirm the view that the produotimi 
of a hi^y saturated rraervoir of inert gas favors bubble formation. Symptoms 
of increasing severity were produced by gas mixtures in the following order: 
oxygen, helium-oxygen, air, argon-oxygen (53), conforming to the oil/water solu- 
bilities of helium, nitrogen and argon respectively. 

Chemical composition of the body. Arbitrary resolution of the body into lean 
body mass and fat in studying abnormal pressure effects was suggested by Behnke 
(6, 9) and a theoretical formulation was developed by Morales et al. (115). 
The lean body mass, consisting of bone and other tissues, together with essential 
lipids, maintains in the adult a relatively constant compositioiL Body dentiiy 
was used as an index of ob^ty by Behnke et al. (10). By comparing body 
specific gravity "(tith direct estimations of total fat in the guinea pig, Rathbun 
and Face (134) formulated a quantitative relationship between them. A similar 
relation between specific gravity and fat content was suggested by th^ authors 
for man. Computations of body composition from inert gas uptake have been 
made (6) and methods involving the differential uptake of two inert gas^have 
been su^ested as a means of measuring watery and fatty tissues (91, 116, 123) 
but apparently have not been elaborate experimental^. 

Analysis of the effects of decompression on individual tissuee requires a break- 
down of their oompotition in terms of fatty and non-fettiy components. Values 
have been derived from the literature for the composition of some tissues of 
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particular hito’'C''t in d>jcompi-c''^ion (table 4). Tlio fat content of bone maiTow 
is hii^li (50, 85, 173). Since bone manw may represent from 2.2 to 4.4 per cent 
of the bofh' wight, bone marrow fat may comprise up to onc-fifth of the total 
body fat. The adrenal gland is relatively rich in fat (7.5-14 per cent) and in 
dccompi-ession from liigh pressures a fall in specific gi‘a\dt 3 ’’ of this tissue has been 
coiTelated with the pre&ence of extravascular bubbles, paralleling the situation 
existing in fat tissue proper (52). Brain (150), nerve, liver and muscle are rela- 
tively poor in fat; the skin, as a rule, is somewhat riclier than these tissues (66). 

Tii>8ue hhod flow. Inert gas uptake depends among other things on the rate 
of blood flow, and hea\nly perfused organs saturate and desatm’ate rapidly (150). 
It may be assumed that mine originating in Bouman’s capsule would reflect the 
gas tension of the glomerular blood. Hill and Gieenwood (81) early showed 
exi^erimentally in man that the pressure of nitrogen in the urine became equal to 


TABLE 4 

Fat content of bodif tissues and organs 



■ 

1 rVT CONTENT 

Rcna- 

TZSfattr OR ORGUr 

unuu. 

1 


Pei cent wet weight 

Per cent dry weight 

ENCe 

Brain 

Man 

&-8 


156 

Yellow bone marrow 

Pig 

87-flO 


24 


Ox, sheep, horse 

90-96 


24 


Goat 

90-95 


24 

Rod. bone marrow 

Rabbit 

70-90 


173 

Adrenal gland 

Guinea pig 

7.5-14 

(calculated) 

30-54 

52 

Xerve-Bciatic 

Guinea pig 

5.1 (calc.) 

10-24 

62 

Liver 

Guinea pig 

1.4 (calc.) 

4.9 (range: 
0.5-11.8) 

52 

Muscle 

Guinea pig 

1.7 (calc.) 

6.8 (range: 
1.0-16.6) 

52 

Skin 

Rat 

6.0-12 


66 


that in the alveoli within 10 minutes after e^osuro to increased pressure and that 
the exc^ nitrogen rapidly disappeared when the pressure was lowered. Behnke 
and Yarbrough (15) found that the saturation time for urine in men breathing 
a He-02 mixture was between 30 and 60 minutes, and desaturation time occupied 
the same interval in the absence of bubble formation. In the latter case, desatura- 
tion was delayed. It would be expected that organs ^ith perfusioa rates of a 
comparable order, such as the thyroid and the liw would saturate and desatu- 
rate uith equal rapidity. 

Values for blood flow throng tissues and organs have been derived from the 
literature (table 5). Claasical methods of measuring blood flow were used in 
most instances. However, Jones et ai. (90) have calculated blood-thyroid and 
blood-liver perfusion rales from the exchmige of radio-iodine and radio-phewpho- 
rus, respectively. Tissues with poor blood supply include fat, bone marrow and 
resting muscle , active stsletal muscle, heart muscle and brain have a moderate 
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blood supply and the kidney and Ih^’roid liav’c the riclle^l blood flow. Ljdiig 
outside this general classification are organs like the spleen nilh an. intenniticnt 
circulation and the liver with its dual circulation. 

Local peculiaiities of the circulation may modify figures based on the total 
perfusion rate. Gei’sh (56) contrasted the intcimittency and probabfy reduced 
rate of flow in splenic sinusoids nitli the relativefy continuous flow in those of the 
liver. Hepatic blood flow has been estimate<l to be from one-third to one-sev- 
enth of the portal blood flow of the liver (63, 152). In decompression, the slower 
and pi-esumably more saturated poital blood becomes diluted Avith less saturated 
blood from the hepatic arteiy, thereby lowering the tension of gas available for 
bubble formation. Organs having blood trapped in sinusoids may on the other 
hand be exposed to sharp pressure differences between the entering arterial blood 

TABLE 6 


Blood flout tn tiauies and organa 


xifastrc us oscfAN 

ANIMU. 
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BLOOD TLOA | 
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Thyroid 

Man 
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4000 
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Mouse 
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Man, dog, rabbit 
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Brain 
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1 

142 

Heart 

Dog 

460-1010) 
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47 

Muscle (dilated) 

Dog 

57-670 

124 

(dilated) 

Dog 

110-680 

178 

Muscle 

Mon 

24 (range S-rost t«) 

90 


Dog 

60-exerci8od) 

69 (range 30-130) 

61 

Bone marrow 

Goat 

2G 

24 

Fat 

Man 

12-16 

DO 


and the trapped sinusoidal blood, sufficient to produce extravascular or intra- 
vascular bubbles. The rapid saturation of aU structures of the kidney related 
to the ^omemlar apparatus may not extend to portions of the renal tissue having 
a different vascular pattern. 

Capillary density and sujflace. While descriptive accoimts of the capillary 
distribution in tissues abound, quantitative studies relating capillary surface 
(S) to imit tissue volume (\0 are largely lacking. Values for total and open capil- 
laries of fat tissue were derived (54) from histological studies on injected and 
frozen-diied preparations respectively. The ratio R/V (cm“^) was computed 
for fat-rich and fat-poor adipose tiEHue and compared with estimates for muscular 
tissue based on data pro\dded by Krogh (lOl) (table 6). Open capillaries repre- 
sented from one-half (fat-iich) to one-quarter (fat-poor) of the total capillary area 
of fat; a similar general relationship exists in muscle (147). For other tissues, 
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estimates of P/\" by indirect means are probably subject to considerable error. 
Values have been given (147) for the number of red blood corpuscles per cubic 
millimeter of tissue, which may be regarded as a i-ough measure of the number of 
open capillaries. Accepting the fairly masonable value of 1000 cm“i os a meas- 
ure of S/V of the capUlaiies of mouse heart muscle, values for some other tissues 
have been computed (table 7). Fat-rich adipose tissues have available for 
gaseous exchange one quarter or less surface than the most poorly supplied 
muscle, and fat-poor tissues barely equal the poor^t muscle. The relative in- 

TABLE 6 


Capillary surface of tissues in relation to toted tissue volume {S/V) 


nssoE 

AMUtAL 

8/V (1 

Total (open plus 
closed capillaries) 

an“i) 

Opes Capa. 

SEXBK- 

XHCB 

Fat Fat-rich 

Rat 

61.9 

23.6 

64 

Fat-poor 

Rat 


64.1 

64 

Muscle (a) 

Rabbit 

100^13 


42 

. (b) 

Rabbit 

169-295 


163 

(c) 

Dog 

494 


101 

(d) 

Guinea pig 


I 86 - 1 BO 7 

174 

(e) 

Mouse 


486-923 

174 

Cardiac muscle 

Man 

1134 


176 


TABLE 7 

Relative values of S/V calculated from the number of red blood corpuscles per c.mm. of tissue 

as estimated by SjOstrand {147) 


Tisain: 

AKDUI. 

NO. COSFS./C. mm. 

s/y (cmr>) 

Heart muscle ... 

Mouse 

360 

1000 

Brain-cortex 

Mouse 

86 

240 

Cerebellum 

Mouse 

116 


Inver 

Mouse 

280 


Eidney-cortex 

Mouse 

800 

860 

-medulla 

Mouse 

600 

1400 

Duodenum 

Mouse 

160 

460 

Pancreas 

Guinea pig 

126 

360 


adequacy of the capUlaiy bed of fatty tissue is therefore demonstrated quantita- 
tively (64). 

Cerebral cortex and cerebellum compare unfavorably with muscle in respect 
of the capillary bed available for gas transfer. Cobb and Talbot (34) and Cobb 
(33) concluded that even the most vascular parts of the brain w'ere only one- 
fifth as vascular as skeletal muscle. Within the central nervous system itself 
Crai^ (35), from measurements of ihe total length of capillaries in sections of 
the central nervous system of the cat found the poorest part of the grey matter 
to be one and one-half times as richly vascularized as the richest part of the white 
matter. The same was true in the monkey. In the cat Wolff (181) found the 
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following relative vascularities: poiietal cortex, 100; lateral geniculate ganglion, 
91; globus pallidus, 58; nerve, 47; and white matter, 43. Thus the white matter 
is somet hing imder one-half as richly vascularized as the grey. In addition, 
capillaries in the white matter are said to be larger than those of the grey (33) 
which would m a k e S/V values for the white matter even more unfavorable. 

Occupying a somewhat intermediate position in the S/V scale is skeletal muscle 
which possesses nervous and hmnoral mechanisms capable of rendeiing effective 
large portions of the total capillary surface when active, i.e., at those times when 
the conditions for gas bubble formation ore apt to approach the critical. Highest 
in the scale are cardiac muscle, kidney and liver which appear to possess a large 
effective capillary surface for gaseous exchanges that is available at aU times. 

Pathologic consequences of decompsbssion sickness. Central Nervous 
System. Pressure. Little can be added to the clasacal desciiption by Heller, 
hlager, and von SchrStter (80) of the neurological aspects of the syndrome of 
decompression sickness. The substance of then* detailed description follows: 
After a latent period, symptoms of varying degrees of se\'erity may appear. 
These may be general in scope (s3mcope, dizzLoess, aphasia), may include large 
body masses (paraple^a and paralysis of both lower legs, of both arms, of one 
arm and one leg, or both legs and one arm with a persistent spastic paralysis, loss 
of urinary and intestinal sphincter control), may include sensory paresthesias 
and hypo- or analgesia separately, or associated with motor disturbances, or may 
be co nfin ed to small motor or sensory units (poralyaiB of the left lateral rectus 
muscle, a single orbicular muscle, or the hypoglossal muscles on one side, laby- 
rinthine deafness, or atrophy of the left optic papilla). Neural damage due to 
aeroembolism thus varies greatly, is non-epedfic, and unpredictable: 1, it may be 
extenrive, covering large re^ons, or confined to minute structures; 2, it maybe 
largely motor with a sensory component, or the latter may be dissociated; 3, 
it may be confined to areas supplied by cranial ner\'es or somatio nerv^. 

The pathologic changes in the central nervous system following damage by 
aeroembolism have bemi studied extenrively in man and other animalB ever 
once 1870. Because of numerous precautions taken to reduce the incidence of 
decompression sickness and because of the success of treatment when such acci- 
dents occur, the most satisfactory patholo^c studio date back about half a 
century. The most prominent feature is the occurrence of areas of softening in 
the spinal cord. Althou^ they may extend over the greater part of the spinal 
cord (18), they are moat commonly limited to the thoracic cord (19, 29). They 
are less frequent in the upper lumbar segments (80, 184) and are rather infre- 
quent in the cervical region (21, 80, 166, 184). The areas of softening are usually 
flmall and are more circumscribed in the white than in the gray matter. The small 
necrotic areas may fuse, and result in an apparent general softening in large re- 
ipons (80). Necrosis is more common in the white than in the gray columns 
(80), and in the former, is most frequent in the anterior columns (21). Theas* 
fiftTiding degeneration of nerve tracts anterior to the site of multiple lerions, and 
the descending degeneration posterior to the region have been described by nu- 
merous patholo^sts (19, 80, 143, 145). 

Heller, Mager and von Schrdtter have described the individual lesions most 



374 


H. R. OATCHPOLL A'TD ISIDORE GERSH 


completely. In the necrotic reiAionb of the while mattei’, the neiTC fibei’h ''Well, 
degenerate and are eomnleteiy re-^orbed. The glial meshes are spread during 
the edema hicli take‘< place Sclerotic areas a ppcar, radiating into ihe suiTouud- 
ing, Icsjs damaged nen’e hbere. The ca’^ily enclosed contains celliihu’ detritus 
and myelin droplets, and some phagocjtic cells. The then become'* more 
regulaily outlined and the walls of the aun’ounding blood vessels become thicker. 
In the gray matter, the same processes take place, but in the amrounding regions, 
ner^'e cells in all stages of chiX)matol3’Ris may occur. The necrotic cavity is not 
a.s sharpty outlined in the gray as in the white matter. 

While hemorrhage may occur, it is infrequent and is definitely less prominent 
than the regions of necrosis described above (18, 19, 80, 171, 184). It may, 
however, be of greater significance when it occurs in the brain (18, 29) or in the 
inner ear (80). 

Gas bubbles have been described in pial vessels of the spinal cord, medulla 
and cerebrum in autopsied men, and in other animals (18, 21, 29, 80, 122, 184). 
As it is difl&cult to ascertain whether these bubbles were present where described 
at the time of death, the observations of Pudenz (132) and of Wagner (172) are 
of greater significance. The former observed in a monkey the appearance of 
gas bubbles first in pial arteries and then in veins in cinematographs of the cortex 
exposed to ^iew bj^ the use of a lucite calvarium. The latter made essentially 
the same obser\’ations in a series of cats whose pial vessels were \'iewed continu- 
ously before, during, and after decompresaon through a Forbes window. A 
gas bubble was observ’ed also in the ophthalniic arteiy of a dog (29). Also 
more reliable than the earlier accounts are the preliminary observations of Gerah, 
who preserved the sites of gas Imbbles by the freezing-drying method. Gas 
bubbles were found in the spinal cord of guinea pigs directly after massive aero- 
embolism only in the blood veaseh; they were present also in intraneural blood 
vessels of the sciatic nerve. There was no evidence to support the aaserlion of 
Boycott et al. (21) that gas bubbles occur extravascularty in the central nervous 
system. Finally, minute gas bubbles confined entirely to the myelin dieath were 
present in peripheral nerves of guinea pi^ decompressed from high pressure at- 
mospheres of argon-oxygen, air, helium-ox 3 ’’gcn, and oxygen (53). 

The geneml pattern of neurologic symptoms, pathologic changes and the 
distribution of gas bubbles in the central neiwous system following decompression 
was outlined by Bert (18). It was confirmed and extended by the magnificent 
work of Holler, Alager and v, SchrOtter (80) wMch the authors have leaned on 
heavily, and by later workers. Gas bubbles form in the circulating blood after 
a short latent period following decompresrion. Most bubbles are filtered out 
by the lungs; some bubbles, however', pass through the lungs, either by means of 
small arterio-venous anastomoses which may be assumed to exist, or through 
the capiUai^’ “lakes” of yjostrand (147). These bubbles arc small, about 26 
fi in diameter. When thej’ pass through the heart and reach the central nervous 
system, they oodude small arterides of the same order of magnitude (21, 52, 132, 
172). Since the drculation in the central ner\reus system is largely terminal in 
nature, the venous blood flow and blood pressure in the re^on is reduced, and 
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gas bubbles appear secondarily in the veins. -.Vnother consequence of the ter- 
minal nature of the circulation is that nen.’e cells and fibers in the affected region 
are suddenly deprived of their major ftomce of nutrients and oxygen. They 
rapidly degenerate in small, focal re^ons con’e&ponding to the arterioles occluded 
by gas bubbles. The necrotic regions ma}’’ be separate, or maj' fuse secondarily 
with adjacent foci to form larger aieas of softening. The extreme rapidity with 
which nerve cells are irreversibly injured following occlusion of the circulation 
has been conclusively demonstrated by numerous workers (58, 92, 93, 94, 176, 
180). The unpredictability of the site and extent of the lesion, as well as the 
magnitude of the symptomatology, are thus related to the site of lodgement of 
the gas emboli, which may be isolated or adjacent to others, and to the numbers 
of blood vessels occluded. It cannot be stressed too strongly that there is a 
large element of chance as to whether a given number of gas bubbles causing neural 
damage will result in minor or severe symptoms, depending on the nerve cells 
and fibers affected. The circulation in the gray matter of the spinal cord is 
somewhat anastomotic, and this may account for the fact that necrotic foci occur 
less frequently in this portion of the spinal cord than in the white matter. An- 
other circumstance wrhich protects the gray matter is the fact that the capillary 
density, and presumably the blood flow, is greater than that in the white matter 
(36). 

Hemorrhage is a relatively unimportant factor in neural damage of decompres- 
sion mckness. Although v. Leyden believed that expanding extravascular gas 
bubbles induced hemorrhage by laceration of blood vessels (171), the same result 
may take place due to the occlusion and weakening of small blood vessels. It is 
also possible that vascular congestion somewhat remote from the gas bubble 
and the cessation of the blood flow may result in hemorrhage. This was actually 
observed directly in mesenteric vessels of animals injected with small gas emboli 
(30, 162). 

The appearance of minute gas bubbles in the myelin sheath of peripheral nerves 
alter decompression is attributable to the lai^ volume of gas in solution in the 
lipid phase of the myelin sheaths. While the lipid content of the brain is only 
6-8 per cent (156), certain parts may be e.xpected to be richer in lipid. It is 
on this account that the earlier English investigators attributed the alleged oc- 
currence of extravascular gas bubbles to the release of the excess lipid-soluble 
gas (21). Apart from the necessity for confirmation, the concludons may be 
modified as a result of the later work by Campbell and Hill (23), who showed that 
the brain of pressurized animals contaLos far less gas than expected. Tiiis dis- 
crepancy in gas uptake may possibly be explained by further knowledge of blood 
flow and capillary density in the brain. Similar investigations may aid in in- 
terpreting seveinl other problems Trithout a satisfactory solution: the predomi- 
nance of leaons of the spinal cord os compared with the brain, the marked pre- 
dilection for injury of the thoracic cord, and the relative severity of da m age to 
the motor systems as compared with the sensory. 

Altitude. Rjiuptoms of damage to the central nervous system following de- 
compre^on to altitude are rather uncommon, and pathologic changes are even 
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rarer. There is no evidence that lastii^ changes occur in the cerebral cortex 
(46), in spite of the appearance of irregulai* EEG waves with a low frequency 
and hig^ voltage during or after decompression to extreme heights (182). No 
readual EEG changes were detected in individuals decompressed to 36,000 feet 
even while they were suffering from the chokes or the bends. In subjects free 
from the effects of generalized shock, some temporary damage to the higher cen- 
ters may occur, for there may be temporary syncope, scotoma, headache (46), 
amnesia, and auditory agnosia (106), motor aphasia, slight facial paralysis, a 
positive Babinski in one leg, agraphia, and a stuporous condition (22, 60, 136). 
Other temporaiy effects of decompression to altitude on the central nervous 
system are changes in muscle tone and in the strength of a variety of reflexes, 
and localized sensory losses. The incidence of temporary dysfunction of the 
central nervous system was given as 0.28 per cent, of a large series of exposures 
at 34,000 feet with oxygen (22). Temporary damage of the central nervous 
system may be even rarer than indicated, because of the difficulty of ruling out 
Emulated effects caused basically by m.otional disturbances. The only re- 
corded instance of uncomplicated permanent damage to the central nervous sys- 
tem was reported by Smith (149) who observed paralysis in the hind limb of a 
d(g soon after explodve decompression to 46,000 feet. 

Briefly summarized, it appears that; 1. Neurologic signs of damage to the cen- 
tral nervous system following decompresgdon to altitude are rare, when compared 
with the consequences of aeroembolism from deep diving. This relative infre- 
quency of lesions in the central ner\’ous system must be attributed to the rela- 
tively smaller amount of gas in solution in the body at altitude. 2. With the 
Bin glp. exception noted above, neural damage is temporary. This may be at- 
taibuted to the reduced volume of gas present in the body at altitude and to the 
differential between gas bubble assumed to exist in relation to the affected re- 
gions and the high oxygen content of inspired gases. This procedure of reducing 
the effects of aeroembolism has been recommended for caisson workers ever since 
the time of Paul Bert, and is in common practice at the present time (11). 3. 
The neural symptoms are non-specific. As in the case of diving, this property 
may be attributed to the factor of chance of where a given gas-bubble freely 
circulating in the blood will finally lodge, occlude the local circulation and 
cause temporary dysfunction. 

Further complicating the picture is the possibility that gas bubbles may lodge 
in intraneural blood vessels, and thus cause local neiual (at least temporaiy) 
damage. Gas bubbles were observed in such sites in a study of acute, fal^ 
aeroembolism in rabbits (51). An exhaustive search for gas bubbles in rabbits 
decompressed to altitude was made by TroweU (160). His failure to find these 
may be due to the inadequacy of the method of fixation employed. 

Lang. Pressure. As a consequence of aeroembolism gas bubbles may occur 
in the pulmonary artery and its branches and in the chambers of the right side 
of the heart in sufficient numbers to cause death throu^ occlusion of the circuit 
tion and asphyxia. In order to achieve a^hyxia, it is necessary for enoui^ blood 
vessels to be occluded to reduce the pulmonary arterial blood flow by 52-66 per 
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cent (64). In addition there may be pulmonary hemorrhage, edema, emphysema, 
and atelectasis (18, 21, 46, 80, 82). Except for min nr details, the mechanisms 
of injury were developed by the early workers in the field. Gas bubbles arising 
in venous channels pass through the right auricle and ventricle to the pulmonary 
arteiy. The emboli occlude larger and smaller branches, but, contrary to earlier 
asseitions by others, never reach the capillary bed; they are sometimes present 
in bronchiolar vessels (61, 56). The small^t vessels occluded were 40 /x in 
diameter. This corresponds with the direct observations of Chase (30) on the 
mesenteric vessels of living animals that gas bubbles introduced into the arterial 
circulation never penetrate beyond arterioles of a similnr diameter. The oc- 
clusion of arterioles of rimilar dimensions was reported in other sites also by 
CurtiUet (36) and by Tureen and Devine (162). The occluded blood vessds 
may be markedly stretched at the site of the gas bubble, as well as centrally. 
It should be noted in passing that the lung diflers from all other organs in that 
gas bubbles in this structure represent emboli, with no significant contribution of 
local origin. While nearly all gas emboli are retained in the lung, it has been 
believed from the earliest writers (18) that some pass through the organ to be 
distributed as arterial emboli by routes which are largely hypothetical: 1, intra- 
pulmonic arterio-venous anastomoses (36), and 2, the blood “lakes” described by 
Sjdstrand (147). 

The relation of eiqierimentally induced gas emboli in animals to aeroembolism 
appears to have been most extensively investigated by Heller, Mager and v. 
SchrStter (80). They found that the distribution of gas bubbles in both instan- 
ces was strikmgly similar. In the case of air introduced intravenously, the final 
distribution depended on the voliune of gas injected, the rate of injection and 
the size of the gas bubbles. 

Pulmonary hemorrhage, edema and emphysema have been shown to follow 
pulmonary embolization by solids (41, 165). Hemorrhage and emphysema have 
been attributed also to the violent rupture of alveolar walls (82). Pulmonary 
atelectasis as a r^ult of decompr^on was first described by Bert, who attri- 
buted it to possible rupture of a vesicle at the time of decompression, thus permit- 
ting access of air under pressure to the pleural space. Other possible mechanisms 
are: 1, overinfiatiou of the lung while inflating the Eustachian tube during com- 
pression; 2, eixpansion of air in alveoli and rupture of their walls, as a consequence 
of holding the breath (26); 3, ^ape of gas under pressure from alveoli to inter- 
stitial ti^ue, along the vascular sheaths to the hilus of the lung, pneumo-medi- 
astinum, and pneumothorax (107, 108) ; and 4, rupture of a few alveoli into the 
retropleiual connective tissue in the manner of a one-way val\’e, escape of this 
gas letropleurally to the hilus, pneumomediastinum, and pneumothorax (55). 
The Tinenbn.nipmH enumerated ore applicable not only to the rare instances ob- 
served after decompre^on (4, 130, 131), but also to other equally rare situations: 
spontaneously (07, 120), in severe straining activity (111) and in cas^ of ob- 
structed air passages, such as accompany diphtheritic laryn^tis (39), following 
pertussis or other mfectdons (31, 96, 111). 

Altitude. Hoppe-Seyler in 1867 (84) attributed death to occlusion of pulmo- 
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naiy capilhries by gat* bubbles. The few other observations on tliis phenomenon 
were contradictorj’. They showed that rather few bubbles appeared in branches 
of the pulmonaiy aiieiy, ■while only one bronehiolar vessel was found to be 
filled -with gas in the series of six rabbits studied. The small number of pulmo- 
naiy bubbles as compared with those in animals decompressed from pressm-e is 
explainable by the smaller quantity of gas in the body of animals decompressed 
to altitude. The same observation has been cited also as one of several reasons 
for the belief that animals decompressed to altitude tend to die of embolism of 
the central nerv’ous system, rather than of pulmonaiy asphyxia, a condition 
opposite to that believed to obtain in animals decompressed from high pressure 
atmospheres (27, 56). 

Pulmonary hemon'hage occuiied iiTegularly in rabbits decompiiessed to alti- 
tude (27). fSmith (149), and Beig, Baumborger, et al. (16), found that it follows 
more regularlj’’ after explosive decompression of expei’imental animals, espe- 
cially, as the latter found, when decompression took place during inspiration or 
the last two-thirds of expiration. Only two instances of mediastinal emphysema 
have been reported in men after explosive decompression (112). Pneumo- 
thorax, retropeiitoneal emphysema, and pulmonaiy atelectasis also occurred in 
rabbits, especially after slow decompressions. The administration of nembutal 
or of carbon-dioxide mixtures predisposed to pneumothorax, while preoxygenation 
or the administration of ammonium chloride, lactic acid, or sodium bicarbonate 
did not affect the incidence of atelectasis (28). The mechanism has not been 
investigated. 

The observations on rabbits confirmed in part earlier reports by a group of 
British investigators who described the occurrence of atelectasis, vascular 
congestion, and pneumothorax in rabbits, rats, and guinea pigs decompressed to 
altitude (49, 50, 77, 78, 79, 159). They showed that these changes were related 
to the final altitude, and were unaffected by the degree of anoxia or by the COj 
content of the blood. In impublished experiments, tlie writere found that atelec- 
tasis was more common in young than in older animals. 

Blood vessels. Ever since 1857 (Hoppe-Seyler (84)) it has been known that 
bubbles are more commonly (sometimes exclusively) piesent in the laige veins 
following decompi'^sion from high pressure atmospheres, or to altitude. This 
was attiibuted by Bert to the fact that venous pi'easurc is lower than that in 
arteries. Harvey et al. (72) added another factor, namely, the higher COij 
tension of venous blood, facilitating the gro^^iih of gas bubbles. Arterial gas 
bubbles, when present, were attributed by Bert to passage of some gas bubbles 
tihrough the lung into the left side of the heart and their distribution as emboli. 
Under extreme conditions, where the effect of blood pressure becomes overshad- 
owed by other factors, one would expect gas bubbles to arise in arteiies in the 
same manner as in veins. The distribution of gas bubbles is in fact aimilftr to 
that which has been described repeatedly after the rapid intravenous injection of 
large volumes of air. Smaller volumes of air (or air injected at a alow rate) pro- 
duce bubbles that are confined largely or almost entirely to the venous ^tem. 
After decompresdon from high pr^sure atme^pheres, gas is sometimes present 
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m the capillaiy bed of several tissues (52), but this seldom occurs, and then in fat 
tissue only, after decompression to altitude (51). The difference must be at- 
tributed to the vastly greater amount of gas in the tissues in the fii’st condition. 

Eecently it has been noted by direct obser\'ations of lining animals that an 
arteriolar and capillary constriction may occur at altitude. This has been ob- 
served to take place in man, rats and frogs (99, 104, 121), though not in cats 
(125). Reed and B l i nks (138) foimd that vasoconstriction vas not related to 
bubble foiToation. They also found that it could lie abolished by nerv'e section 
and by exercise. It was conelated in man with the prolonged refilling tiTnp of 
the finger nail bed and of the arm vein (99), and with reduced skin temperature 
(157). This group found evidence that the latter phenomenon is lelated to sus- 
ceptibility to bends. 

Knisely (99) failed to see e\ddence of intravascular sludge in men exposed to 
altitude, although he did describe vasoconstriction. On the other hand Patek, 
who failed to note any change in the calibei* of blood vessels in cats, obseia^ed 
sludging (125). This may have been due to the anoxic condition of the animals. 

Sludging was observed directly in the pial vessels of living animals injected 
intravenously with air or decompressed from high pressure atmo^heres. It 
occurred after vascular occlusion by gas bubbles, presumably as a consequence of 
reduced circulation and anoxia (170, 172). End (44) regaled agglutination of 
red blood corpuscles as the causative factor of decompression sickness, and gas 
bubbles as a secondary extent. Swindle et al. (154) attributed disturbed function 
of decompression sickness to the occurrence of fragile, non-gaseous plasma floc- 
culates. Jacobs and Stewart (88) investigated these possibilities by studying 
rat blood exposed to hi^ pressure atmospheres and then decompressed. They 
found no clear evidence of any change in sedimentation rate, tendency to roul- 
eaux formation or in the aggregates of rouleaux. They failed to observe true 
agglutination of red blood cells, but did describe a tendency for blood platelets 
to form aggregates about small gas bubbles and to apiwar free in this form later. 
Such platelet aggregates could conceivably lead to occlusion of small vessels in 
certain regions of the body. Gersh and his co-workers paid particular attention 
to the possible oocuiience of all of these phenomena and failed to detect them in 
animals decompressed from high pressure atmospheres or to altitude. As the 
method employed (fixation by freezing and drying) could be confidently expected 
to preserve such flocculates and aggre^tes, the failure to find them returns the 
causation of decompression sickness to the com^entional realm of gas bubbles. 

Fat Tissue, Pressure. Experience in diving or caisson operations is that ac- 
cidents occur more commonly in fat workers than in lean. Heller, hlager and v. 
SchrStter (80) reported that animalfl rich in fat in the subcutaneous tissues, 
mesentery and pericardium are more prone to show abnoimalities than lean ani- 
mals. This was tested for the first time by Boycott and Damont (^), W’hen they 
found that the time of survival of rats and guinea pigs after decompression froma 
stated pressure was related to their total fat content. This was confirmed in 
another way by observing the highest pressure which guinea pigs could suixfive 
when decompr^sed rapidly, and relating it to their total fat content. For ex- 
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ample, fat guinea pigs (average fat content 31.9 per cent) survive decompression 
from a pressuie of 45 Ibs/sq. in., but die when brought up from 60 Ibs/sq. in.; 
on the other hand, lean guinea pigs (average fat content 8.2 per cent) usually 
survive decompression from an atmosphere at 90 Ibs/sq. in. but die when brought 
up from 105 Ibs/sq. in. (52) . Using another criterion (i.e., the time of appearance 
of the first gas bubble), the tendency for bubble foimation in resting cats was 
also found to be related to the fat content of the animal when it was decompressed 
from moderately increased pressures. But in active animals, or at greater pres- 
sures, this relationship was masked by other factors (70). 

Fat tissue containing numerous gas bubbles appears foamy, like whisked white 
of egg (82). The bubbles may be intra-vasculor as well as ejctravascular (20). 
As a consequence, in surviving animals, large masses of necrotic fat may be pres- 
ent, especially below the kidneys. In late stages, the necrotic regions are sur- 
rounded by a zone of giant-cells, with some of the fat converted to calcium soap 
(21). In guinea pigs, minute gas bubble may occur in the intracellular fat in- 
clusions of fat cells. In somewhat more severely affected animals, macroscopic 
bubbles which are extravascular and extracellular may occur. Intravascular 
gas bubbles may be present in fat tissue in the absence of the aforementioned 
bubbles. Hemoirhage and vascular distention are associated fiequently with the 
occurrence of extravascular gas, especially in fat animalB (52). Thus, it may be 
assumed that, when puipuric subcutaneous spots appear in divers, gas bubbles 
have occluded some blood vessels and vascular congestion and hemorrhage have 
taken place. 

The geneds of gas bubbles in fat tissue may be reconstructed in some such 
manner as follows: Fat cells dissolve excess amounts of gas, especially nitrogen, 
during pressurization. During and after decompression, many fat cells enlarge 
due to the appearance in the fat indudons of minute intracellular bubbles. 
Meanwhile dissolved gas passes from the fat inclusions to the tissue fluid and the 
circuktii^ blood. Depending on a number of factors, gas continues in solution 
or forms viable circulating bubbles. When these exceed tho diameter of the 
blood vessels, they occlude the circulation. Meanwhile, in some regions, the 
cells increase in volume more markedly due to the increased number of intra- 
cellular gas bubbles. These distended cells then rupture and discharge their 
contents into an irregularly outlined intercellular (extravascular) bubble which 
contains cellular debris, fat, and gas under pressuie. About this time, some 
blood vessels occluded by gas bubbles are distended with blood, and others may 
rupture. 

This h 3 ^thetical reconstruction of the events leading to the formation of gas 
bubbles in fat tissue is supported by evidence along at least three litifta that cer- 
tain ph 3 rsical factors are involved. Th^ are as follows: 1. The increased solu- 
bility of gases in fat as compared with tissue fluid (see p. 368). Biological evi- 
dence may be cited. The occurrence of ^ bubble in fat tissue and their number 
are directly related to its lipid content. Fbctravosculor gas bubbles occur only 
in Hpid rich structures (fat tissue, adrenal cortex, myelin sheaths of peripheral 
nerves) (62). IhiaHy, gases which are especially soluble in lipid (such as argon). 
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are much more effective in prcxiucing gas bubbles in these structures, while gases 

which have a low index of solubility are relatively ineffective (63). 2. The 

increased amount of gas in solution in fat is directly related to the number of 
gas bubbles formed in fat tissue. This was illustrated by the greater severity 
of the effects of decompresaon when a.niTnft.lR are pressurized at higher pressures. 
It was also shown by a comparison of the effects of argon-o:^gen, and nitrogen- 
oxygen mixtures. Although the relative solubilities in lipid and tissue fluid of 
argon and nitrogen are nearly identical, the amount of the former in solution is 
over twice as great. The number of gas bubbles appearing in fat tissue is far 
greater when aigon is used than when nitrogen is used. In both examples, varia- 
tions in the number of gas bubbles occur although the size of the gas bubbles 
remains the same. The size of the gas bubbles is probably referable to some tissue 
property such as elasticity. 3. The poor capillary density of fat tissue is an 
important factor predispoang to bubble formation, since excess gas cannot be 
removed rapidly enou^ to avoid hi^ A P values in the tissue (see p. 362). 

Aliitude. Incontrast with the seriousconsequenc^of excess body fat for divers, 
fat is not of great significance in bubble formation on decompr^on to altitude. 
Harvey et al. (70) and Catchpole and Gersh (27) failed to find any correlation be- 
tween the fat content of animals decompressed to altitude and the time of first 
appearance of intravascular gas bubbles, the severity of the symptoms, or the 
time of survival. 

Extravascular gas bubbles do not occur. Gas bubbles have been observed in 
veins draining fat depots but less commonly than in blood vessels draining 
musdes (70). They were found to be somewhat more numa'ous in fat tissue 
than in others by Gersh and Catchpole (61). Fat is the only tissue where gas 
bubbles were present in the capillary bed. 

Muade. Pressure. Little emphasis is placed in the literature on muscular 
lesons following decomprestion except as a consequence of neurolo^cal damage, 
or in the case of regional infarct (169). Only in recent years has muscle acquired 
great significance in theories on the origin of gas bubbles. Bert (18) found bub- 
bles to be present only in intermuscular fascia, and Boycott et al. (21) were un- 
able to see gas bubbles in skeletal muscle. Harvey et al. (70) found that in 
anesthetized cats bubbles do not appear in vdns draining largely muscular regions, 
althou^ they are present in vessels &om fat depots. On the other hand, in 
stimulated animals, bubbles arise only from large muscle masses. Both the 
Princeton and the CaJifomia groups agree that violent activity increases the 
number of bubbles (70, 177). In normal, decompressed guinea pigs, gas bubbles 
were present in muscle in arteries, capillaries, and veins of aU dimensions, but 
they were fewer in number than in blood vessels of fat depote (62). Under the 
same conditions, an equally small number of blood vessels w^ere occluded after 
decompression from a hehum-oxygien mixture, a larger number were observed 
after aigon, and none were observed after oxygen. 

Musde is regarded as an important site of bubble fannation, the gas phase 
appearing in regions of Tnftnhii.nifln.1 tension, whether this is induced by passive 
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movement, btretching, iujurj" or stimulation. This is attributed to the deci-eased 
P obtaining near tendon attachments due to the local stresses (68, 110). It 
should be stated that in guinea pigs, althougii blood vessels near the knee joint 
weve not noted for theii’ density of gas bubbles, those accompanying the lony 
tendons near the ankle joint displaj’-ed gas bubbles prominently (56). Also im- 
portant are the increased volumes of gas in solution as a result of compression. 
The inci'eased gas content appears to overshadow the facilitating action of car- 
bon dioxide. 

Aliitudc. In anesthetized, decompressed animals, relatively few gas bubbles 
appear, and these seem to originate in fat depots. In stimulated limbs, however, 
the numerous hubbies appear to arise primarily from muscle (27, 28, 69, 110), 
By direct visualization, no bubbles were found in muscles of decompressed rats, 
although they were present at autopj^ in the vena cava and other large veins 
(104). Arterioles were observed to be constricted. On the other hand, small 
numbers of bubbles were described in decompressed rabbits in blood vessels of 
larger-than-capUlary dimensions. The factors responsible for bubble formation 
are primarily: 1, local production of COj in regions of muscular activity, so that 
gas nuclei or minute bubbles in regions of high COrtension tend to expand rap- 
idly; 2, mechanical tension induced by passive movement, stretching, injury 
or electrical stimulation, which resulte in regions of low pressure in the neighbor- 
hood of insei’tions (70, 72, 110, 177, 179). 

Bone Marrow, Bone, Periosteum, Joints. Bone marrow. The occurrence of 
gas bubbles in bone marrow has been described only in acute preparations of 
guinea pigs decompressed from compressed air (56). It was rather unexpected 
to find that in yellow marrow which was equivalent to lipid-rich fat, intravascu- 
lar bubbles were exceedingly rare and extravascular bubbles were absent while 
the fat of the same animals was filled with numerous bubbles in both sites. Only 
under more severe conditions of pr^surization did extravascular gas bubbles 
appear, together with a larger number in arteries, sinusoids, and veins. The 
extravascular gas bubbles w’ere frequently larger than in fat, more iiregular, and 
with a tendency to be concentrated near bony spicules. Sometimes, they seemed 
to dissect the endosteum from the manw tissue. Arterial occlusion by gas is 
probably the result of embolism. Venous and sinusoidal gas bubbles probably 
arise locally in the bone marrow due to Ihe slow circulation (24), the increased 
amoimt of nitrogen stored in the inclusionB of the fat cells, and the low blood 
pressure in the blood channels. The extravascular distorting bubbles probably 
arise in a manner similar to that described for fat tissue. Both the large size 
of the extravasailar bubbles and their irregular distribution may be due to 
the intermittent flow of blood through some mnusoids. This w'ould r^ult m a 
high uptake of excess gas in some regions and a large t locally, with bubble forma- 
tion, and in other reig^ons, low uptake of gas and no bubble formation. The 
tendency for more bubbles to occur in relation to bony q)icules and to dissect 
the endosteum may be related to the finding that some crystals tend to favor 
the ori^ of gas bubbles from gas nuclei (126). It ^ould ^ emphasized again 
that gas bubble in bone marrow are relatively scarce, and then even so they 
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occur only in exti'eme conditions. This is probably due to the retarded mto of 
saturation of bone marrow with exces.s gas and the reduced circulation. 

Bone and 'periosteum. Pressure. Bone noctosis as a result of decompression 
sickness was first noted in 1888 (163). Hie literature on the subject has been 
thorou^y reviewed by Kahlstrom, Burton and Phemister (95). Additional 
information has been supplied by Phemister (127), Coley and IMoore (32), and 
Rendich and Harrington (139). The most detailed microscopic study was made 
by Kahlstrom et al. They found that when necrotic bone was situated in the 
epiphysis and bordered on joints, thm’e were varying degrees of coUapse of the 
weight-beaiing portions, and invasion of the necrotic regions with new bone or 
calcification. The overlying articular cartilaginous surfaces were replaced by 
fibro-cartilage, resulting in arthritis deformans. When the necrotic bone was 
located in the diaphyas, or in the epiphysis removed from articular surface, 
replacement by new bone or calcification also took place, but collapse and defor- 
mation did not occur. Since these observ’ations were made several years after 
the ori^nal trauma, the mechanism could not be determined exactlj’’. They 
postulated two general methods by which gas bubbles could cause bone atrophy: 
1, gas bubbles foim in bone marrow and interrupt the circulation of bone, and 2, 
gas emboli in numbers of smaller branches of the nutrient artery occlude the 
osseous circulation. Both mechanisms were demonstrated in work on decom- 
pressed guinea pigs. In some instance, gas-filled Haversian vessels were ob- 
served (66). It should be pointed out that bone changes m caisson workers and 
divers are relatively uncommon, probably for the same reasons that were pven to 
account for the scarcity of gas bubbles in bone marrow. Gas bubbles are even 
scarcer in the periosteum, where, only rarely, gas distended small blood vessels 
were seen (66). 

AUiiude. Only one systematic effort has been made to detect bone damage in 
men decompressed to altitude. No radiographic evidence of such effects was 
found in a rather large number of subjects with 5-100 hours’ exposure at 35,000 
feet or higher. Follow-up x-rays seveml years later were recommended (135). 
The probability is that bone damage will be exceptional, for the same reasons that 
neural damage in a^iato^s is scarcer than in divers (see p. 375). Another solitary 
report on the appearance of periosteum in living animals failed to disclose any 
evidence of bubbles in this site (125). However, the altitude at which the ani- 
mals weixs studied, and the rate of decompresaon may have been unfavorable. 

Joints and periarticular structures. Pressure. Expeiimentol studies utilized 
morphological methods for the demonstaration of gas bubbles or their effects, and 
x-rays to locate gas bubbles photographically. In guinea pigs decompressed 
from hi^ pressure atmospheres, gas bubbles may bo present in the joint fat. 
But even when they are absent, blood v^sels in the region, especially those adja- 
cent to the long tendons are frequently occluded and distended by gas bubble 
(66). With x-mys, only the larger blood vessels which were completely filled 
with gas, were recognizable. Bubbles in fat or connective tissue were indistin- 
guishable, or when they were very niunerous, were recognizable almost always 
as a general x-ray shadow. In only one instance, in which diadows su^estive of 
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bubbles were found, only a minute fraction of all the bubbles were recognizable 
as such, because of the small size of the bubbles, poor resolution and overlay (67). 

Altitude. The only morpholopcal studies reported were on the joints of living 
animals. The failure to hnd gas bubbles in the periarticular tissues may have 
been due, however, to experimental conditions (125). Webb and co-workers 
(174) attempted to correlate gas in tissues of the knee with pain, and found that 
pain is unrelated to gas in the joint space or in the suprapatellar bursa. Better 
statistical relationships of pain were found witii x-ray photographs correlating, 
in decreasing order of success, with 1, streaks in iissues posterior to the joint cap- 
sule ; 2, gas bubbles immediately posterior to the joint space, and 3, gas bubbles in 
the infrapatellar space. The streaks appeared to be extravascular collections of 
gas in the intermuscular fascial planes of the posterior tissues of the 1^. The 
gas seemed to be disposed as a coUecfion of minute bubbles and to have no 
relation to the larger blood vessels or nerves of the region. Similar findings were 
reported by Thomas and Wilfiams (166), who pointed out that “streaking” may 
occur in the absence of pedn, and that there was no characteristic x-ray picture 
with which pain is correlated. Lund et al. (105, 106) came to the same conclu- 
sion in their study on the ori^ of pain in bends, and expressed the belief that the 
demonstration of gas by radiographic m^sures alone can be expected to help very 
little in supporting theories on die intimate origin of pain. A similar attitude 
was expres^ by Gerdi (67), who pointed out the difficulties in interpreting x-ray 
photographs of gas bubbles in terms of finer anatomical structures. 

Adrenal Qland. Pressure, Gas bubbles have been detected in aJfi layers of 
the adrenal cortex, as well as in the medulla. In addition, they have been ob- 
served in the capsular arteries, in the medullary veins and its tributaries, and 
occasionally in the reticular sinusoids. In all layers of the cortex, but most fre- 
quently in the fascicular zone, gas bubbles are present also extravascularly. 
Three major pathological consequence are 1, the occurrence of hemorrhages in 
the vidnily of the gas bubbles; 2, rupture of cortical cells in the re^on, and 3, 
vascular congestion in the sinusoids peripheral to the gas bubbles, with cessation 
or reduction of blood flow (62). 

Two main factors are important in the origin of gas bubbles in the adrenal 
gland: the hi^ content of lipid and certain peculiarities of the vascular pattern. 
The following sequence of events may be reconstructed: Gas bubbles begin as 
small occluding emboli in capsular arterioles and as clusters in the smusoids of 
the reticular zone after the blood has passed throu^ the fat- (and nitrogen) rich 
fascicular zone. These may grow and further occlude the circulation in the cor- 
tex. These areas of reduced cortical blood flow are small, and surrounding re- 
^ons may have a normal circulation. With the two r^ons having different gas 
teoMons, the gas bubbles continue to grow in the former r^on, and destroy the 
cortical organization, particularly in the fa^cular zone, where the fat and 
dissolved gas is richest. The gmieral disruption of structure is accompanied by 
hemorrhage, and also by a further sinusoidal congestion. Meanwhile, in the 
adjacent unaflwted region, gas in solution is removed by the circulation either 
in solution or as minute bubbles which do not dog the smusoids. Gas bubbles 
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arising in this m a n ner may, in the capacious venous fibarinfila of the medulla, 
where the blood pressure may be smaller, expand to form large intravascular gas 
bubbles which may seriously interfere with the circulation throu^out the gland. 

Although gas bubbles appear in the adrenal gland of decompressed guinea pigs, 
it diould be emphasized that they form somewhat Irss readily thnn in fat tissue. 
It is diflEicult to evaluate the clinical significance of the pathological findings. 
The temporary withdrawal of functioning cortical tissue may be related to the 
sense of e^diaustion which divers frequently report after immersion. % 

Altitude. Gas bubbles were observed only in capsular arterioles and in some 
of the large venous medullary channels in rabbits; none were found in sinuBoids 
or extravascularly (51). 

Kidney. Pressure. Destruction of renal tubules of the cat was prominently 
figured by Boycott, Damant and Haldane (21). The prorimal convoluted 
tubules of the cat are virtually unique because they are exceedingly rich in lipid, 
and it is unlikely that similar effects will occur in the kidney of other animals. In 
support of this assertion is the rapidity of the blood flow, and the brief desatura- 
tion time of renal tissue (see p. 370). 

Altitude. Gas bubbles were present only in renal blood vessels of large caliber 
in rabbits decompressed rapidly (51). 

Lwer. Pressure. Boycott, Damant and Haldane (21) found numerous bub- 
bles issuing as a froth from the cut surface of the liver of decompressed animals. 
These were believed to be confined to blood vessels. With methods less subject 
to artefact, very few microscopic gas bubbles were seen infrequently and only in 
central veins (52). Gas bubble were common after decompressian from a hi^ 
pressure atmosphere of ai^n-oxygen (when some bubbles were observed in sinu- 
soids), were rare after helium-oxygen mixtures, and were absent after oxygen (53). 

A peculiar finding was the appearance of wateiy vacuoles in the cytoplasm of 
liver cells. The spherical vacuoles displace and distort the nucleus, and contain 
no fat stainable with Sudan III, They were present in liver cells not only after 
decompression from completed air, but also from atmospheres of argon-oxygen, 
helium-oxygen, and oxygen. Their significance is unknown (52, 53). 

The scarcity of bubbles in the liver may be explained by the work of Campbell 
and Hill (25) who found that liver has a rather slow half-saturation time. This 
may be due to the fact that most of the hepatic blood has already passed through 
a capilloiy bed and given up most of the exc^ gas. In addition to the reduction 
of the gas volume in the liver due to this factor, the nature of the arterial supply 
may contribute to the total picture during and after decompression. The 1^ 
saturated arterial blood emptying into the rinusoids would tend to reduce the gas 
tension of blood in them and in the central van and thus reduce the tendency for 
bubble formation. 

AUitude. In decompressed rabbits, microscopiq bubbles were observed very 
seldom, in the cm.tral vein and in the branches of the portal vein. The inlK'acel- 
hflor vacuoles observed in animals decompressed from hi^ pr^sure atmo^her^ 
did not appear. They have, however, been described in men who died of the 
effects of exposure to altitude and in animals subjected to sudden reduction in 
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atmwpheric prejs^aire (103, 158). Ladewig gave good c\’idence to indicate that 
they may be related to low ox^^gen tension and anoxia rather than the effects of 
decompression. On the other hand, it is difficult to see how anoxia would play 
a r61e in the appearance of the vacuoles of guinea pigs decompressed rapidly 
enough from high pressui’c atmospheres to result in death in one to three minutes. 

Spleen. Pressure. Gab bubbles occur in splenic sinusoids, arteries, and veins, 
in decreasing order of frequency, of guinea pigs decompiessed rapidly from high 
air'pressures (56). The sinusoidal bubbles aie probably related to the intermit- 
tency of blood flow and possibly the reduced rate of blood flow in this structure. 
Both factora may result locall}” in regions of high gas tension (in closed sinusoids 
or in those with sluggish circulation) adjacent to regions of low gas tension (in 
naiTow sinusoids ^vith rapid circulation). If the volume of gas in the adjacent 
tissue is large enough, the gas bubbles grow and cause large, teaiing defects to 
appear. The arteiial bubbles are probably the result of gas emboli. The venous 
bubbles probably origLoate in situ because of the increased gas tension and de- 
creased blood pressure. 

AUUude. Fewer gas bubbles were present in the sinusoids of rabbits decom- 
pressed to altitude ; they were present also in arteries and veins. In two rabbits, 
large, subcapsular, tearing bubbles were visible (51). The factors responsible 
for their appearance are probably the same as those described above. 

Site of Origin of the Bends and the Chokes. Although much has been written 
on the subject, the literature dealing with unequivocal, direct evidence is distress- 
ingly scanty. If one makes the lo^col assumption that the pain of the bends and 
the chokes is due to gas bubbles, then from the point of view of the pathologist, 
those regions which are prone to bubble formation in man or other animals imder 
less extreme conditions of decompression acquhe the greatest significance as 
posable sites of the origin of pain. Whether pain results from distortion of nerve 
endings or nerve fibers by intra- or extravascular gas bubbles, or from local 
ischemia ariring from reduced or oeduded circulation is unknown. Gas bubbles 
have been described in muscle, intermuscular fascia, fat tissue, nen^es, bone 
marrow, periosteum, and in fascial tissues adjacent to joints or to the long ten- 
dons. Except for fat tissue (where intracellular bubbles may occur in the cyto- 
plasmic fat inclufdon and also extravascularly) and for the myelin sheath of nerve 
fibers, no other extravascular gas bubbles have been noted in organs of locomo- 
tion. Even in these sites, gas bubbles may be seen in blood vessels in animals 
decompressed from high pressure atmespheres before they appear extravascu- 
larly; in animals decompressed to altitude, only intravascular bubbles occur. In 
all other regions, gas bubbles are confined entirely to the blood vessels. Thus, 
granting the primary assumption, the conclusion seems inescapable that the site 
of origin of gas bubbles is primarily vascular, thou^ it cannot be denied that the 
extravascular gas bubbles may in addition cause pain by distortion. The evi- 
dence is cited in prerious sections for the concludon that the blood vessels most 
likely to be involved in the causation of tiie bends are those in the vicinity of the 
joints or tendons near their ori^ or insertion. However, others located in 
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nerves, muscles, or fasciae (including periosteum) may albO he additional sites 
where pain may originate. A similar analysis of the anatomic basis of the pain 
of the chokes leads to the conclusion that the mobt likely sites of origin are tho 
branches of the pulmonaiy arieries. 

The conclusions derived above must be modified to a certain extent in the light 
of evidence shoving that vascular occlusion bj" a gas bubble is accompanied by 
vascular congestion (30). If pain arises from vascular distention, then the same 
blood vessel or branches thereof somewhat removed from the gas bubble may be 
stretched to nearly the same extent. If pain arises from ischemia, then any point 
in the anoxic region may result in stimulation of the propei* nerve endings or 
fibers. 

EJjfects of Exercise and Drugs on Aeroembolism. Pressure. The conflicting 
claims of the effects of exercise on divers may be resolved by a critical analysis of 
studies by Hands et al, (G8) and by Harvey et al. (70). The first group found 
that the minimal pressure which results in the liberation of bubbles aftei decom- 
pression is markedly lowered as a result of exercise. It may be assumed that as 
the pressure is increased greatly over this minimum value, the amount of gas 
present in the body outweighs in importance the decreased P which accompanies 
muscular activity. The result of this is that it would be difficult in practice to 
show that there is any relationship between exercise and amount of gas bubbles 
formed on decompression from hi^er pressures. 

The effects of exercise were illustrated in another way by the use of anesthetics. 
Anesthetized animals, probably as a result of decreased muscular tone, had a 
much higher minimum effective pressure. Harvey and his colleague (70) made 
siimlar observations, and found that a clear relationship between exercise and 
bubble formation existed on decompression from lower pressures, but that this is 
masked after higher pressures. IVom these results it is possible to understand 
that in divers, where the time under pressure, the pressure, and the rate of decom- 
pression are not often duplicated in experiments, some workers may claim that 
exercise is harmful, ineffective, or even beneficial in preventing or ameliorating 
the bends. Harris et al. (68) also reported that the use of anesthetics reduced 
bubble formation markedly, probably as a result of decreased muscular tone. 

Oxygen administration is used effectively for the prevention and treatment of 
the more serious effects of aeroembolism in divers (6, 11, 89). This is confirmed 
by experiments on guinea pigs, in which far fewer gas bubbles m all sites were 
noted after decompression from oxygen as compared with nitrogen (53). This is 
difficult to understand, os the solubility properties of both gases are very nearly 
identical. Certain phases of decreased aeroembolism may be explained by as- 
suming that on^gen of gas emboli is used metabolically, thus, in effect, reducing 
t at the site of bubble formation. 

Altitude. The accelerating effects of exercise on bubble formation in animals 
at altitude have already been described. Th^r corre^ond with the well-known 
increased severity of symptoms induced in men decompressed to altitude under 
controlled conditions. The increased tendency to bubble formation is attributed 
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to decreased P in the region of tendon attanhments, and increased local t values 
due to excessive accumulation of 00% 

Preoxj’^genation is effective in dela3dng the onset of symptoms of aeroembolism 
in men, and in protecting animals a^inst bubble formation (see p. 369). This 
effect is achieved presumably by substituting a metabolizable gas (reducing t) 
for nitrogen, which is largely eliminated during the period of preoxygenation. 

The administration of ammonium diloride and lactic add was also found to 
reduce the tendency to bubble formation in decompressed rabbits (28). In man 
(2, 3, 113) ammonium chloride increase tolerance to anoxia and improves subjec- 
tive syniptoms. The underlying mechanism in the lattei' studies appear to be a 
shift in the blood pH towards the acid side and correction of the alkalosis caused 
by hyperventilation and loss of COs. To the extent to which COg contributes to 
the initiation of bubble formation at altitude, a lowering of the arterial COx 
tension would be expected to hinder bubble formation. The administration of 
moderate concentrations of COs or of sodium bicarbonate did not have a notice- 
able effect on bubble formation (28, 1 10, 177) . Accordingly, it was not surprising 
that in men exposed for two hours at a simulated altitude of 38,000 feet, the 
symptoms were of the same order whether the subject breathed pure oxygen or 
oxygen diluted by COs (60). 

There has been no unitorm interpretation of tlie rcsulcs of administeiing 
vasodibtor drug'.. .Vminophyllin has been claimed to alle\dato, or to reduce the 
severity of the bends (ISO); on the other hand, it had no effect on bubble forma- 
tion in animals (138). A favorable effect of d-amphetaminc in reducing the 
incidence of incapacitating bends has been both proposed (87) and denied 
(141). 


SmiMABT 

The evidence is overwhelming that gas bubbles are the primary pathogenetic 
agent in eliciting the pathologic effects of decompression sickness. Whether they 
occur after decompression from high pressm'e atmospheres or to altitude, gas 
bubbles are chiefly intravascular, and they are held to he r^onsible for nearly 
ail important phases of the syndrome of decompression rickneas. Extravascular 
gas bubbles occur also under certain severe instances of decompression from hi^ 
pressiu:e atmospheres, but they are restricted to certain lipid-rich structures. 
The pathological effects may be vastly greater after decompresrion from hi^ 
pressure atmospheres than to altitude. Th^ ai^ described in detail for the 
various tissue and organs of the body. An attempt has been made to relate 
earlier and recent findings to each other, and to the causative factors. Basic to 
an understanding of the mechanisms involved in tiie syndrome is a consideration 
of the physical factors responsible for the uptake and elimination of excess gas in 
the body. The following physical factors were subjected to analysis: intrinsic 
factors such as blood pressure, blood flow, tissue permeability, tissue activity, 
the chemical compoBitlon of tissues and the solubility of gases in body compo- 
nents, and extrinsic factors such as the type, rate and extent of decompresrion 
applied. 
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THE GENESIS OF THE ELECTROCARDIOGRA-M 
LOCIS X ILVTZ 

The Cardtovaaculat Department, Research Institute. Michael Reese Hospital, Chicago, III ‘ 

A review of the sipiifieance of the electrocardiogram ma}’^ pi'esent an extensive 
nancoTTiTnittal report of a voluminous literature or a summary ol the author’s 
viewpoint based on a fair evaluation of the pertinent studies of othei-s and on his 
own experiences and deductions. The latter approach was chosen. Several 
excellent re\’iewB have appeared (10, 13, 27, 61, 163, 155, 162, 163, 294, 299, 309, 
314, 366, 367) since the last Physiological Review article Avritten by the 
author in 1928 (161). The present review will concem itself only \Wth the theo- 
retical aspects of the electrocardiogram. The empirical interpretations of the 
electrocardiogram which have been found so useful in clinical practice wiU not 
be discussed since they have been dealt with in extenso elsewhere (164). 

Any careful survey of the articles appearing rai the subject must impress the 
imbiased reader with the fact that the manifold theories on the genesis of the 
electrocardii^ram are in apparent contradiction with one another. He may 
perforce in desperation apply electrocardiography without regard to theory, 
leaving the answer to the latter to the future. It is very fortunate that the 
clinical usefulness of the electrocanliograph has suffered so little from lack of 
agreement on its theoretical aspects. While some workers continue to proclaim 
the need for an understanding of the tlieory in order to make electrocardiography 
useful for clinical practice, the electrocardiograph has actually been very inten- 
sivelj^ and profitably used without any but the most elementary theoretical 
backgroimd. It may be stated in ail fairness that the attempt to instill a 
theoretical groun^g into the ordinary clinician w’ho wshes to use this tool has 
served too often to confuse rather than to assist him. This is sb because the 
background of physics, mathematics and phyaology w'hich the ordinary electro- 
cardiographer possesses is too superficial for a critical evaluation of the facts 
and fancies presented. Too many presentatians of tihe subject make untenable 
assumptions of the constancy of certain variables in order to arrive at a “simple” 
mathematical ^theds of the subject. Some rec(^paize the assumptions mode 
at the start but too often lose right of them in later developments, e^cially 
when the subject is taken over by enihusiostlc and w'orshipful disciples. Having 
once established a point of \1ew, investigators often continue to expand it until 
the superstructure of the theoi^' becomes too heavy for the narrow pivot of fact 
upon which it rests. This attempt to make the interpretation ctf data yield 
more precise quantitati\'e information than is justified by the crude initial 
assumptions, is the baric fault in many instances. It is hoped that this will 
become apparent as this review is develoiwd. 

What has just been stated does not apply to the electrocardiographic inter- 
pretation of cardiac arrhythmias. Here knowledge of the normal and abnormal 
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physiology of impulse origin and impulse spread, of the refractory period of the 
heart and of its syncytial character is of vital importance. The more the electro- 
cordiographer understands these fundamental properties, the more rational 
become his interpretations. However, this review will not deal with the ar- 
rhythmias except in so far as such knowledge helps account for the creation of 
electric currents by the heart. 

Factors Involved in ihe Cenesis of the Electrocardiogram. The genesis of the 
electrocardiogram is but a special and perhaps more complex case of cellular 
electrophysiology. Its features are therrfore basic in general phyriology. How- 
ever, any analysis of the electrocardiogram must concern itself with the fact that 
the electrodes used for recording currents are applied to the body surface at a 
distance from the heart. Even when one of the electrodes is placed over the 
precordium it is stiU a distant electrode. Consequently, four principal factors 
are involved in this analysis: 

а. The genesis and typical time course of the electric states of the heart 
during activity and injury. 

б. The laws governing the spread of current within a volume conductor. 

c. The influence exerted by the characteristics of the body as a conductor of 
electricity. 

d. The modidcations introduced by variations of the anatomy and physiology 
of the heart. 

The Genesis and Typical Time Course of (he Electric States of the Heart during 
Activity and Injury. A. The electric state of resting heart muscle. It is now wbU 
establi^ed that (a) the comporition of living cells differs from that of the ambient 
extra-cellular fluid (72), and (b) that tide surface membrane of cells is semi- 
permeable. It follows, therefore, that the resting ceU surface is electrically 
polarized; this polarity is such that the chai^ on the inside is negative and that 
on the outside is positive. It is not unlikely that other electric charges exist at 
interfaces within ceUs as complex as that of the heart cell syncytium, but there is 
no reason to believe that these are involved in the generis of the electric current 
recorded in the electrocardiogram. The electric characteristics of the cell 
surface may not be os simple as suggested above. For example. Cole (59, 59A) 
has shown that during flow of current across a surface membrane it po^sses 
electric properties of impedance, capacitance and inductance. The classical 
hypothesis of the polarized membrane, however, is adequate for an imderstanding 
of the gftT^flriR of the electrocardiogram. The magnitude of the potential across 
the resting cell membrane was found to be of the order of 100 millivolta in certain 
cells in which it can be measured (62, 63). However, at rest since, all ports of 
the cell membrane are maintained uniformly polarized, no potential differences 
will exist within the cell nor in the medium surrounding the cell, and no electric 
currents will flow. 

B. The alterations of (he electric state during activity. It is now generally 
agreed tTiaf. during activity of a living cell, the permeability of its surface is 
altered, the impedance across the surface changes, the ions which are re^onrible 
for the polarized state of the resdng cell migrate and that the cell becomes 
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depolarized. Eecently Cole (63) obsen’ed that following depolarization a 
temporary re\’ersal of polarization occurs. If confirmed, this would ^ow that 
the process of local activation is not as ample as has been hitherto conceived. 
This can be neglected for our purposes ance the magnitude of potential differ- 
ences and current involved is much smaller than that due to depolarization of 
the “resting” chains. 

The process of depolarization in any me re^on is not instantaneous but of 
measurable duration. This time plus that occupied in the propagation of the 
depolarization process throu^out the cell surface determine the duration of 
the process of depolarization. Since during this period the electric state of 
the ceU membrane is not uniform, differences in potential are established within 
the cell and also in any conducting medium surrounding the cell, and electric 
cunmte \viU flow while these potential differences exist. 

When the depolarization is completed the cell may remain in the depolarized 
state for a variable time. During this time there is no reason to believe that 
any potential differences exist and hence no electric currents will flow. Thus 
the cell is electrically quiescent even though it may, as in the case of a con- 
tracrile oigan like the heart, be undeigoing changes in tension and in length. 

The process of repolaiization, which follows soon after depolarization, is de- 
finitely slower than the process of depolarization. Further, the pattern of 
depolarization need not have the same topographical distriburion as that of 
the depolarizatian preceding it. The evidence is clear that in the case of 
the heart the duration of electrical systole, that is, the period from the begin- 
ning of depolarization until repolarization is completed, is unequal in various 
rites of the ventricles (cf. 164). Since the electric state of the cell is not unfform 
during repolarization, potential diSerences ore again establiriied and electric 
current flows once more within the cdl and in any canducting medium sur- 
rounding the cell. However, the potential differences are now not an great as 
during depolarization smce the process of repolarization is riower. If the topo- 
graphy of repolarization in the cell were identical with that of depolarization 
and if the duration of electrical systde were precisely the same in all ports 
of the cell (unlikely occurrences in the normal ventrioles), thmi the potential 
differences during repolarization would be opporite in rign to those in the stage of 
depolarization and the area subtended by it w'ould equal that subtended during 
depolarization. 

The theory outlined above is widely accepted by students of electrocardio- 
graphy. It is also e^reed that these electric phenomena are not manifestations 
of the mechanical responses of heart muscle, rince the time pattern of their 
oGcurrenoe is not identical with that of the mechanical phases (176, 339, 341). 
The details of the energetios and ohemical factors involved in the process leading 
to electric manifestations (223, 224) are not yet fully understood, but are not 
the concern of a review which deals only with the electric phenomena them- 
selves. For the generis of the electrocardiogram it sufSces to recognize the 
following four states of the cell, viz.: a, the polarized state of 6, the state 
of depolarization — during activation; c, the depolarized state of the active cell, 
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and d, the stage of repolanzation — during restitutioai (or recovery). Further, 
it is important to appreciate that only during the process of depolarizatioiL 
and repolanzation do potential differeuces appear and electric currents flow. 
The electrogram thus records a double response during the heart cycle when 
the electrodes axe placed on two uninjured parts of the heart’s surface, an mirial 
large and brief deflection and a longer and smaller final deflection, with an inter- 
val between them. This is the genesis df the P and T^ waves of the auricles 
and of the QBS complex, S-T segment and T wave of the ventricles in the 
electrocardiogram. 

C. The alterations of the electric state during injury. Injury involving a part 
of the cell may do a number of things (cf . 318) : 

1. Injury may completely depolarize a part of the surface of the affected 
cell, and hence this region does not share in the activity of the rest of the cell. 
There will be potential differences during the resting polarized state of the un- 
injured part of the cell, because the cell membrane will not be uniformly polar- 
ized; on injury current of rest wU therefore be present. During depolarization 
of the uninjured part this potential difference will disappear since the cell becomes 
completely depolarized, only to reappear again during repolarization of the 
uninjured part. Thus there will be an injury current of rest, but no injury 
current of activity. An injury of this type will result in a monophasic electro- 
gram during the heart cycle if electrodes leading from an uninjured and an injured 
part of the heart’s surface are connected to a recording galvanometer. The 
S-T deviations in the electrocardiogram caused by injury can be accounted 
for on this batis. The application of potassium to the surface of the heart 
appears to operate in this way (23). 

2. Injury may cause a partial, rather than a complete, depolarization of 
the region of the cell affected, but still leave it respontive. During the resting 
stage, potential differences between injured and uninjured regions will exist 
but win be of smafler magnitude than in the case of complete depolarization 
of the injured part. During activation the injured part wiU also respond and 
BO the potential differences in the cell wOl disappear. There wfll thus be a mono- 
phasic curve of smaUer magnitude than in the preceding situation. In this 
case also there wfll be only an injury current of rest and no injury current of 
activity. This type of injury is thus a variation of the preceding one. 

3. Injury while cauang only a partial depolarizatian of the part of the cell 
affected may also make this area completely or partially unre^ontive. During 
the resting stage the tituation would be similar to that of the preceding cases 
in producing an injury current of rest, but the injured part of the cell would 
retain its partially polarized state during activity. Thus, when the rest of the 
cell is depolarized, potential differences of opposite directions to those previouriy 
existing would develop. There ■would thus be not only an injury current of 
rest but also one of acti'vity. Again a monophasio curve would be recorded 
■vriien an injured and an uninjured part of the cell are connected to a galvanometer, 
and S-T deviations would result in the electrocardiogram. Butthemanophasio 
curve could cross the null point, once during depolarization and again during 
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repoJarization. This appears to be the common effect of injury produced with 
the suction (89 , 93) or the pressure electrode (318). 

4. Injury may result in unresponsiveness of the injured region without af- 
fecting its resting polarization, or injury may lead to a region of block preventing 
the impulse from reaching some part of the cell. Under these circumstances 
no injury current would flow during the resting state of the cell. But during 
the activity stage, the injured, or isolated, part of the cell would retain its surface 
polarization while the rest of the cell was depolarized. There would thus be 
an injury current of activity but no injury current of rest. Again a monophasic 
curve would be recorded when an injured and uninjured (or blocked off) part 
of the cell were connected to a galvanometer, but it would not cross the null 
point. It would cause S-T deviations in the electrocardiogram. Cold appears 
to operate in this manner (23). 

6. Pinally injury may cause a delay and protraction of the process of repo- 
larization in a responsive and fully polarized or partially depolarized part of 
the cell. This would lead to an injury current of repolarization which would 
modify the appearance of the final deflection of the electifogram obtained by 
connecting the injured and iminjured part of the cell (318). This would account 
for the T wave of injurj’ in the electrocardiogram. If the injured region were 
completol}’- polarized at rest, there would be no injury cun*cnt of rest or activity, 
but only an injury current of repolarization. If the injured part of the cell were 
partially depolarized there would be not only an injury current of repolarization 
but also an injury current of activity. It would account for the frequent com- 
bination in the electrocardiogram of S-T deviations with oppoately directed 
T waves. A variant of this would be the case in which the injured area was 
partially depolarized, partially unresponsive and also had a protracted period 
of repolarization. Bliere there would be an injury current at rest, an injury cur- 
rent during activity and an injury current of repolarization. Injury currents 
of repolarization may occur in areas of the cell different from those giving rise 
to the other types of injury currents; usually the two areas are adjacent to each 
other (318). The amount of delay and protraction in the repolarization of 
the injured area may vary, accounting for different d^rees of injury currents 
of repolarization and various magiitudes and durations of injury T waves. 

The ezporition above will account for the genesis of the S-T and T wave 
deviations which arise as a result of injury. It remains to point out that when a 
part of the injured cell is partially or wholly unrespouEdve this will alter the 
appearance of the initial deflection the electrogram obtained in connecting 
an injured with an uninjured area and also of the QBS deflection of the elec- 
trocardiogrem since the orientation of the potential differences during the 
process of depolarization of the cell are altered. (Some of the T wave alterations 
in injury may be on a similar baris; namely, reorientation of the potential differ- 
ences during lepdarization because of absence of response of the injured area.) 

The living cell ordinarily does not permit the state of injury to perast but 
tends to restore the normal state. Sometimes, however, the processes giving 
rise to injury balance the restitution processes, and the injury state is mamtained 
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for long periods of time. The newly formed part of the polarized surface may 
enclose the injured area which then is restored to the cell, or it may develop 
at the junction between the injured and uninjured parts of the cell, the former thus 
becoming dead tissue. This development of a newly formed surface of polari- 
zation causes the injury pattern to change with the passage of time. It £ilso 
accounts for the tendency for the effects of injury to change from injury currents 
during rest and/or activity, causing S-T deriations, to injury currents during 
repolarization, causing T changes. On the other hand, if a milH injury became 
more severe, the reverse would tahe place. As soon as recovery from injury is 
complete, the injury S-T deviations and T wave alterations disappear. Thus 
it may be stated categorically that S-T deviations and T wave alteratians of 
injury indicate the persistence of mjuiy currents, whereas QRS alterations due 
to injury need not disappear since they often remain when the injured area has 
been replaced by necrotic or scar tissue. 

Considerable controversy has arisen as to whether it is the injured or the 
uninjured part of the cell which is responable for the injury currents (66, 61, 
80, 81, 89, 94, 102, 103, 126, 156, 168, 215, 226, 307, 308, 309, 310, 318, 367, 369). 
The discussion given above shows that both areas are involved. If no injured 
area is present, no injury current will develop; and likewise if no part of the coll 
remains uninjured, no injury current will occur. Injury currents agnify that 
part of the cell is injured, but not aU of it. The source of the current is obviously 
ultimately referable to that part of the cell which is polarized. Depending on 
circumstances this may be the uninjured or the injured part, or both, and this 
can be worked out for the various effects of the injury, as outlined above. Actu- 
ally, e^erience shows that the onset, duration and end of the monophasic 
curve depends on the electrode placed over the uninjured area rather than cool that 
placed over the injured area (156, 309 ; also of. 80). The modification introduced 
when indirect leads, or leads involving one electrode on the surface of the heart 
and the other at a distance are employed, will be discussed below. 

The attempt to read into the monophasio curve a series of phenomena as has 
recently been done (289, 290, 291, 262) has ri^tly been criticized as a misinter- 
pretation of artefacts in the record (llA, SO). Even with the best technique 
the curves obtained may not be pure injury currents, but may contain some 
distortions, since the electrode over the injured area may pick up currents from 
uninjured areas in the noighborbood of the injury. 

D. The syncytial character of the heart. The heart is composed of a complex 
of ^irol muscles arranged in deaths and in bundles (262, 279). The muscle 
bimdles of the auricles are distinct from those of the ventricles, and separated 
from them by a fibrous tissue sheet at the auriculo-ventricular junction to which 
the heart valves are attached. In the mammal and bird there is ordinarily only 
one muscular bridge between the two, consisting of neomorphic specialized 
muscular tissue. This so-called auriculo-ventricular bridge is made up of the 
auriculo-ventricular node and the common auriculo-ventricular bundle. Wbile 
some recent workers have questioned the specialized character of this bridge in 
the dog, monkey and man, beoau^ the histologioal differentiation from ordinary 
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heart muscle is not as striking as in other species (106, 106, 107, 108), the over- 
whebning mass of evidence shows its anatomical existence (37, 38, 58, 60, 64, 65, 
66, 67, 68, 178, 198, 201, 208, 209, 210, 236, 270, 272, 284, 293, 294, 327, 332, 333, 
334, 338, 378, 379) and, more important, shows it to be the sole bridge which 
permits the transfer of the impulse from the auricles to the ventricles. The 
recent attempt to re^dve the hsTpothesis of the neurogenic transfer of the impulse 
from the auricles to the ventricles (105, 106, 107, 108) has not presented new 
evidence. The controversy raging a quarter of a century ago was finally settled 
in favor of the myogenic hypothesis of impulse transmission, and the e\ idence to- 
day still favors it (198, 294, 327). Of course, it is true that in mammals there 
may occasionally exist other muscular connections between the auricles and 
ventricles, hke the bundle in the lateral wall of the right heart foimd by Kent in 
some herbivora. In fact, a type of electrocardiogram with an abnormally short 
P-R inten^al and an abnormall 3 ' long QRS duration (the Wolff-Parkinson-Whito 
syndrome) has recently been explained on the basis of such a congenital by-pass. 
This by-pass, in various locations, has actually been demonstrated at necropsy 
in such cases (240, 377) . Further, it must be admitted that the auriculo-ventric- 
ular connective tissue partition is indented by ventricular and auricular muscle 
so that it has corrugated surfaces. To ducidate the r61e played in transmisrion 
by muscle bundles penetrating the auriculo-ventricular fibrous partition, a 
systematic survey of human hearts with ^rial wax model preparations is needed. 
It appears unlikely that such a survey will alter the classical, widely accepted 
\’iew8 of the nature and function of the auriculo-ventricular muscular bridge. 

The auricular and ventricular musculature, therefore, each form a siagle unit, 
linked together by a narrow muscular bridge. Each may be considered as a 
synejiaum. While it may be argued on histological grounds that some of the 
cross-striations divide the muscle into distinct cellular compartments, from the 
point of view of the genesis of the electrocardiogram the muscle fibers of the 
auricles and those of the ventricles may be considered as each constituting a 
angle thou^ extremely complex syuLcytial cell. On this hypothesis there is 
fairly complete agreement. 

This concept of the syncytial nature of heart muscle is important in explaining 
the continuity of the impulse transmission over the various chambers of the 
heart. It readily esplains why an injured re^on within the heart muscle which 
does not border on the endocardium or epicardium create no external electric 
field. It e3q>la3iis why an impulse spreading radially in all directions from a point 
within the heart muscle does not create on external electric field until it reaches the 
endocardial, epicardial or the auriculo-ventricular fibrous partition surfaces. If 
the myocardium were composed of discrete electrically polarized cells raiher than 
a sin^ synoytial cell eadx for the ventricles and auricles, then injury entirely 
within the myocardium, unless it were such as to affect the entire surface of the 
cdls involved, i^ould on some occation cause an external electric field. On the 
bads of discretely discharghig multiple cells, it would be difficult to account 
for tire defiections occurring during the cycle of cardiac activity. The potential 
differences occurring during depolarization and repoLatizatian exist only as long 
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as the cell throughout its surface is not in an identical electric state. There 
would be no reason to find a set of defections for auricular activity distinct from 
those of ventricular activity since it is difficult to see how the spread of depolari- 
sation and repolarization over large numbers of discrete cells could summate in 
such a way as to give the large defiecrions of the electrical record obtained from 
the heart. Such problems in explaining the electrocardiogram are avoided by 
accepting the \’iew that the heart is made up of two cells, one composing 
the auricles, the other the ventricles. 

E. Other sources of electric currents in the heart. From time to tirne other 
sources of electricity have been invoked to account for the various defections of 
the electrocardiogram (196, 202, 217; cf. 164). Frictional electricity, for 
example, has been suggested to e3q)lain the T wave, although the evidence has 
never appeared convincing. While movements of the heart and changes in the 
electrical impedance (263, 288) during the heart cycle may modify the distri- 
bution of the electric currents, thej^ cannot be conridered as a cause for the 
electric forces which are created during the heart cycle. The P and Ta waves 
of the auricles, and the QRS defection, the S-T segment and the T wave of the 
ventricles are adequately accounted for on the basis of the polarization hypothesis 
develox)ed above. One dUemma in the account of the deflections of the electro- 
cardiogram is the causation of the U wave. While a number of suggestions have 
been made to account for this defection (138, 226, 227, 243, 312), its exact cause 
remains to be determined. It is not unlikely that it is similar in character to 
the after-discharges found in nerve fibers, which occm* also in the heart (46, 
311). 

F. Topography of impulse origin and spread. The various defections of the 
electrocardiogram depict the time course of the processes of depolarization and 
repolarizatian in the auricles and ventricles. The meaning of this time pattern 
will become clearer once the spatial pattern of impulse origin and ^read as 
determined by their topography in the heart is clearly understood. In tins 
review only a bore outline of this topc^raphy of the heart will be attempted, 
based on the clasrical view which remains ascendant de^ite numerous attacks 
over the post four decades. The mechanisms of impulse initiation and those of 
impulse propagation can not be contidered here, nor can any detailed account 
be given of the anatomy of the muscular elements involved. 

The impulse origmates in the sinus node located in the sulcus terminalis of 
the right auricle, or more precisely in the head of this node. The anus node is a 
neomoiphic development of specialized musculature in which the property of 
rhythmic discharge is highly developed. It is also a tissue of slow conductivity. 
With the discharge of the pacemaker in the node, the impulse ^reads slowly over 
this node and then eaters the auricular musculature by way of traatitional 
muscle fibers. In the auricles it appears to travel faster and following the 
intricate branching of the auricular musculature ultimately stimulates, that is 
depolarizes, all parts of the auricles. Soon after depolarization, the depolarized 
auricular musculature repolarizes with a topographical spread more or less raTnilor 
to that followed by depolarization so that the ordinary electrical record of 
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auricular activity shows two deflections, the P an Ta waves, opposite to each 
other. 

In due course, the impulse in the auricles arrives at the auriculo-ventricular 
bridge described above and, passing through transitional fibers, it enters the 
auriculo-ventricular node. Ibis node is also a neomorphic development of 
specialized muscle with anatomical and phyaolopcal properties resembling those 
of the sinus node. The claim that a special musculature bridge connects the 
two nodes (241 , 242) appears to be unfounded except as a rare anomaly. Because 
the impulse travels slowly in nodal tissue, a delay in the trausmissioii of the 
impulse to the ventricles is found. Once the impulse has passed the auriculo- 
ventricular node, it enters directly into the common auriculo-ventricular bundle, 
then its bundle branches and the terminal net-work of specialized muscular fibers. 
This latter system also is a neomorphic development of specialized muscle. In 
the common auriculo-ventricular bundle the character of the tissue quickly 
changes to the characteristic Purkinje fibers which are capable of rapid trans- 
misdon of the impulse. It has been shown that except for the upper part of the 
interventricular septum, the terminal net-work penetrates all parts of the ventri- 
cular musculature (1, 2, 4). The bundle branches and the Purkinje net-work lie 
under the endocardium but the net-work also penetrates to the epicardium in 
aU parts of the ventricles. The impulse therefore spreads shnultaneously over 
many parts of the ventricles by means of this rapidly conducting terminal 
net-work, but in each locality arriving at the endocardium before reaching the 
epicardium. An objection to this view raised by Bobb (263, 267, 271) has 
recently been withdrawn by her (264). In each part of the ventricles the impulse 
passes from the terminal Purkinje net-work via trandtional fibers to the ventri- 
cular musculature proper. Thus the entire ventricular musclature is depolarized 
by a multitudinous series of quickly succeeding local impulses rapidly dissemi- 
nated by the terminal net-work. This rapid spread makes the time of depolari- 
zation of the more masdve ventricles of the some order of duration as that of the 
auricles, i.e., the QRS duration is of the same order as the P duration. Bepolari- 
zation of the ventricles does not follow their depolarization os quickly as is the 
case in the auricles, so that a depolarized state expressed by the S-T segment is 
recorded in the ventricles. The electrical systole of the ventricles is much lon^r 
than that of the auricles. Bepolarization of the ventricleB does not follow the 
same topographic pattern as depolarization since the duration of electrical 
systole in the various ports of the ventricles shows considerable variation. Hence 
in many of the leads of the electrocardiogram the T wave is not opposite to the 
direction of the QRS deflection. 

Alany attempts have been made to de|not the arrival of the impulse over the 
surface of the ventricles with various types of electrical connections in a number 
of species (2, 24, 88, 90, 91, 104, 123, 127, 128, 198, 199, 237, 267, 268, 271, 336, 
343, 346). The data obtained with electrodes on various injured parts of the 
heart connected to a distant electrode can be dismissed as not suitable. Obser- 
vations with the differential electrode, with electrodes on various uninjured parts 
of the heart connected to a distant dleotrode, and the more extensive data of 
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Harris (127, 128) with adjacent punctuate electrodes on various spots of the 
heart are more pertinent. The discrepancies in the observations of the various 
investigators can be explained on the basis of differences in the state of the 
exposed hearts studied and the adequacy of the criteria used to determine the 
aiTival of the impulse locally. The resulte are in agreement, however, in showing 
1 , that stimulation of the external surface of the heart is not ^multaneous and that 
the impulse often reaches regions far apart more nearly simultaneously than 
adjacent parts, and 2, that the total time occupied in stimulating the surface of 
the ventricles is much shorter than the duration of the QRS complex. The latter 
is partly due to the time occupied in stimulating the regions of the ventricles not 
bordering the external surface and partly due to the fact that the depolarization 
process in any region occupies time, which is agnificant when compared with 
the transmission time over the ventricles. 

It is not feasible as yet, as some have attempted, to depict the exact details of 
the spread of the impulse through the auricles or ventricles. We are in ignorance 
of too many factors to be able to do this. However, some general comments on the 
direction of impulse spread in the average normal human heart can be made. 
In general in the auricles, the impulse spreads ventrally, caudally and to tiie left. 
This is adequately explained on the basis of the location of the sinus node in the 
upper right portion of the auricles and the assumption that there is a fairly 
uniform rate of spread through the auricles. There is no reason to amime the 
presence of specialized conducting paths or of synaptic-like junctions (266, 267, 
268), nor is there need to assume that the impulse preferentially follows the spiral 
sheets and bundles of muscle. 

In the case of the ventricles the situation is more complex. The impulse 
invades the septum before the outer walls of the ventricles. In the septum the 
muscle fibers proper appear to be reached first in two rites, one beneath the 
endocardium of the right and the other beneath that of the left ventricle, both 
rites being some distance below the auriculo-ventricular fibrous junction. The 
impulses from these two rites soon meet somewhere between the two endocardial 
surfaces. At the same time, the impulse front spreads radially through the 
septum parallel to its endocardial surfaces, in each region the subendocardium 
being involved earlier than the deeper layers. The impulse front reaches the 
auriculo-ventricular junction before tilie apex and interventricular grooves. After 
reaching the auriculo-ventricular junctiem the impulse front continues to spread 
toward the apex and at the same time toward t^ anterior and posterior inteiv 
ventricular grooves. On reachmg the interventricular grooves the impulse front 
spreads over the lateral walls of the ri^t and left ventricles. The front coming 
from the anterior interventricular groove and spreading in two directions meets 
that from the posterior interventricular groove, also spreading in two directions, 
about midway on the lateral surfaces of the right and left ventricles. The order 
of junction of the impulse fronts in the right and left ventricleB is not predictable 
since the terminal net-work in the right heart travels obliquely from endocardium 
to epicardhim while that of the left is nearly perpendicular to the endocardial 
surface (1), Tnaking up for the shorter distance across the thinner li^t ventri- 
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cular wall. However, it can be predicted as a general rule that the basal part 
of the lateral wall of both ventricles is stimulated last smce the horizontal 
circumference of the heart is greatest at the base. Throughout, the subendo- 
cardium is stimulated ahead of the subepicardium and the papillary muscles 
appear to be stimulated ahead of adjacent muscle. 

The Laws Governing the Spread of CurrerU in a Volume Conductor. Some 
consideration must be ^ven to the laws governing the spread of current 
in a volume conductor in order to appreciate the effect of the electric forces 
created in the heart upon the electrocardic^ram recorded by electrodes located 
some distance from the heart. Space does not permit more than a superficial 
handling of this problem; the reader is referred to several excellent summaries 
for a more detailed and mathematical handling (13, 27, 61, 299, 314, 356, 367). 

The simplest case of a volume conductor is that of a large finite electrically 
homogeneous sphere with the source of electric current at its center. If the source 
of current be considered a ample small cell which during its cycle of activity shows 
a wave of depolarization on its surface and then a wave of repolarization, the 
basic concepts can be expressed in simple teinos. hi the completely polarized 
resting state, it can be demonstrated that no potential differences exist in the 
outade conductor and no currents fiow. Assuming the cell surface to be uni- 
formly polarized, all points in the external conductor are at the same potential, 
namely zero. Some confuaon has aiisen in consideiing this problem because no 
clear distinction was made between the chaige on the cell surface and its potential. 
Thus, according to the laws of spherical condensors it can be shown that the 
potential in the region outade of the cell and at its outside surface will be zero 
even thou^ a poative charge is located on the outade of the cell surface (177, 
316). 

During depolarization, potential differences will be set up and currents will fiow 
in the outside medium. 'While the actual source of the current is the polarized 
membrane remaining on parts of the cell surface, the effect can be accurately and 
more simply espressed by coradering that the current is caused by a surface 
(or a series of surfaces) at the junction between the polarized and depolarized 
parts of the cell at any moment. The charge of this theoretical surface is oriented 
so that the poative charge fac^ the polarized part of the cell and the negative 
charge faces the depolarized port of the cell, and the inteuEaty of the chaoge on 
the postulated surface is assumed to be identical with that on the actual polarized 
surface of the cefi. A songle imaginary surface will be adequate for the case 
where the process of depolarization at the moment is canfined to a small re^on, 
i.e., that the rate of depolarization any area is extremely high compared to 
the rate of props^tion of the process to adjacent areas. If, however, the process 
of depolarization is relatively slower, then more accurate representation is 
obtained by assuming a series of planes located at the ates where each increment 
of depolaiizatilonistaldngplace. Thus,if1heinten£dty of charge of the polarized 
membrane is conadered to be N units, there would be N surfaces placed at the 
junotions where one unit of dhaxge has been lost, each having a charge of one 
unit minted as in the sampler case described above. Ordinarily in depolarizatian 
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little is lost if it is assumed that a siugle theoretical surface depicts the facts, 
Bince the series of surfaces which more accurately portray the facts would be 
very close to one another. 

During repolarization, however, tdnce repolarization of each region occupies 
much more time than does its depolarization, the series of theoretical surfaces 
would be farther apart and more error is introduced by reducing thei n to a single 
theoretical surface. Nevertheless this may still be done to simplify the solution 
provided one realizes the limitations of the method. When this is done, the 
ringle theoretical surface appears to have a smaller charge during repolarization 
t.lian during depolarization. The orientation of the charges on the theoretical 
surface during repolarization is such that the positive charge faces the part of 
the cell already polarized and the negative charge faces that part still depolarized. 

With the consideration of such imaginary surfaces, the potential of any point P 
in the outside medium would have the rign of the chaige of the theoretic^ surface 
facing it. The magnitude of the potential at P would be a function of the 
intensity of the charge on the theoretical surface and of the solid angle subtended 
from the point P to the edge bounding the theoretical surface. Thus if the point 
P faced the ride of the theoretical surface having a positive charge it would have 
a poritive potential. And the intenrily of the potential of the print P would 
increase 1, the closer it was to the theoretical surface; 2, the larger the rim of the 
theoretical surface ; 3, the greater the intensity of charge of the theoretical surface ; 
and 4, for points at equal distance from the center of the theoretical surface, the 
smaller the angle between the line connecting the point P to the center of the 
surface and the line from the center of the theoretical surface drawn perpendicular 
to it. In this fariiion the lines of potential differences and the lines of current 
flow in the external field can be mapped out and the defiection produced in a 
galvanometer connected to any two points in the electric field predicted. 

With some modifications these rules will apply also to the case where the size 
of the conducting medium is not so large and where it is not ^herical. 

This concept of theoretical surfaces serves to link the membrane theory with 
the facts observed in the case of the heart within the body. It explains the 
finding of a diphasic deflection with brusque transitian during activation obtained 
when an electrode placed on the surface of the auricle is connected to one placed 
at a distance in the conducting medium. It is an improvement of Lewis’ concept 
of “limited potential differences” (198) as develop^ by Craib (61) and most 
clearly enunciated by Wilson (367). 

This view of a theoretical surface can also be applied to the case of injury 
currents. The theoretical surface of the resting injured cell would be at the 
junction between the injured and uninjured parts. The chaige on the theoretical 
surface would be of a magnitude equal to the intensity of the charge on the un- 
injured region minus that on the injured part of the celL The poritive riiarge of 
the theoretical surface would face the uninjured part of the ceU and the negative 
charge the injured part of the celL During activity, if the injured part of the 
ceU had retained a polarized state, the theoretical surface would remain but have 
its charge reversed and of different magnitude. During stimulation the lack 



410 


LOUIS N. SATZ 


of response of the injured part oS the cell, when such unre^onsiveness existed, 
would alter the moment to moment orientation of the theoretical surface which 
would have existed if no injury were present; and dunng repolarization the 
effects of injury in retarding the repolarization of the injured part oi the cell 
would also modify the moment to moment orientation of the theoretical surface 
which would have existed if no injury were present. 

This concept of a theoretical surface will explain the findings 1, that an injury 
current is obtained when an electrode is placed on an injured part of the heart 
and connected with an electrode distant from the heart; 2, that this current can 
be reversed by moving the electrode on the heart to an uninjured region adjacent 
to the injury (80, 81, 89, 94, 156, 369), and 3, that this current decreases in 
magnitude rapidly when the electrode on the heart is moved farther away from 
the site of injury since the angle subtended by the postulated surface diminishes 
rapidly. 

The theoretical surface concept makes it simpler to follow the events during the 
heart cycle and during injuiy since the charge giving rise to the electric field 
can be considered as located at the junction between depolarized and polarized 
parts of the cell, that is, at the jimction between activated and restituted parts 
of the cell, and the junction between injured and uninjured parts of the cell. 

The problem of following events during activation and restitution in the case 
of a complex cell like the auricles or ventricles can be simplified by this theoreti- 
cal surface concept. Take the case of the auricles. Ordinarily the impulse 
spreads from a small area, from the ^us node, over the walls of the auricles 
caudad, ventrad and to the left, ignoring minor variations. The theoretical 
plane is therefore at ri^t angles to this spread coinciding with the wave front, 
with the positive charge ahead of the negative. As it travels over the right auricle 
the length of the rim of this theoretical plane increases. Actually the wave 
front is a double rfng, the inside ring on the subendocardial and the outer on the 
subepicardial aspect of the auricle and the theoretical surface being the surface 
between these rings approximately normal to the endocardial surface. Since it 
is assumed that the intendty of the polarized surface of the auricular EQmcytium 
is uniform, the increating length of the rim of the theoretical surface will cause 
the potential differences to wax without much change in direction. As the 
impulse epreads over the left auricle and septum, the length of the rim will tend 
to decrease, causing the potential differences to wane. During this time, how- 
ever, there will be a shift in the general direction of the impulse spread to the 
left rather than caudad. On the a^umptdon that the topcgraphy of repolari- 
zation in the auricles follows closely that of the depolarization, the theoretical 
surface for repolarization will have the same characteristics as that during 
depolarization but 1, the charge will be reversed, and 2, the theoretical surface 
will have a less intense charge. 

Take the case of the ventricles. As outlined earlier, two theoretical surfaces 
would start in the interventricular subendocardial surfaces and meet and fuse. 
During this time no potential differences would appear unless one of these 
impulses started ahead of the other, and ev^ then the potentiial differences 
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created would not be large because the two theoret'cal surfaces would have 
oppositely directed charges. Apparently, under ordinary circumstances the 
stimulation via the left bundle precedes that via the right, mfllcing the theo- 
retical plane entering the septum from the left larger than that from the right. 
After the two theoretical surfaces meet the further spread of the impulse would 
be radial in the septum, and an expanding narrow cylindrical theoretical surface 
would be present for a time. No potertial differences would arise (except for the 
pniflll differences explaired above) until the c}* Under front reached the auriculo- 
ventricular connective tissue partitian. From that time on the narrow cylinder 
will be open at the top and the part facing toward the apex will therefore be 
unbalanced. Since it can be shown that regardless of how complex the theoretical 
surface actually is, it in turn is equivalent to the smallest surface encompasang 
its rim, such a new theoretical surface can be canridered as representing the 
conditions at this time. In short, the potential field will be determined by this 
imagined secondary surface at the top <rf the septum, the p<»itive charge of which 
faces the apex and the negative the auricles. This surface will expand until 
the entire junction of the septum with the auiiculo-ventricular partition has been 
depolarized. The intensity of the potential differences will therefore grow. The 
fileld will be such as to have its positive potentials caudad, ventrad and to the 
left, that is, in the same general direction as in the field created during auricular 
stimulation. 

As the impulse reaches and spreads through the lateral walls of the ventricles, 
some time before the whole base of the septum has been stimulated, the situation 
becomes more complex. The details have been briefly described above. SuflBce 
it to say that the four w’ave fronts of impulse spread tend to neutralize one 
another except that any theoretical surface preset on that part of the impulse 
front which moves toward the apex will be unopposed by any oppositely charged 
theoretical surface as soon as the wave front reaches the auriculo-ventiiculor 
junction. Should the base of the heart be completely activated before the apex 
then the field created would continue in general to be maintained in the direction 
found during stimulation of the septum, ai d will wax and wane. If, however, 
portions of the base of the heart are activated after the apex is completely 
stimulated, as is commonly the case, then the field will be markedly altered in 
its direction toward the end of the depolarization phase. 

Injuiy of the heart situated in a conducting medium alters the electrical 
deflections obtained. During depolarization of the ventricles, the absence of 
response of the injured area leaves imbalanced certain theoretical surfaces which 
ordinarily would be counterbalanced by the respense of the injured area, and so 
the QHS complex is altered. This is especially prominent when a piecordial 
electrode is us^ over an injured area of the anterior surface of the heart. This 
alteration of QRS will persist when the area becomes necrotic or is replaced by 
scar tissue. In reality a new “window** is opened in the wall of the ventricle. 
Hence QRS changes as a result of injury occur equally readily whether the region 
is alive and injured, or dead, necrotic or scarred. 

Both during the depolarized and lepolarized state, the differences in polari- 
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zation between the injured and uninjured parts of the ventricles will set up a 
new tlieoretical surface ghdng rise to the injurj' current of rest and/or of activity. 
Its orientation will determine the potential differences in the field and so will 
determine the S-T deviation of injury. During repolarization the lag and pro- 
traction Cor absence) of the repolarization process in the injured area wiU alter 
the characteristics of the theoretical surface at this time and set up the T wave 
alterations of injury. 

Vector analysLS. In a large finite spherical homogeneous conducting medium 
with the heart in the center, the electric forces could be resolved during the 
heart cycle into a series of succesrive vectors which alter in magnitude and 
direction. This is so since the electric forces have quantity, sign and direction, 
and can be added and resolved according to the law of vectors. It is in such a 
situation that an equilateral triangle can be created to calculate the manifest 
potential vectors in the frontal plane. In this situation also a tetrahedron 
composed of equilateral triangles, or a cube, can be created to calculate the actual 
three dimensional vectors. 

Unfortunately the actual situation in the body is such that the attempts to 
determine the true vectors of the heart are extremely crude and give only a 
rough approximation of the momentary forces which exist in the heart (163). 
This is tnie for a number of reasons : 1 , Ihe torso of the body which constitutes the 
conducting medium is not spherical; 2, it is not a large field compared to the size 
of the heart (this can be appreciated by comparing the size of the fist to that of 
the torso) ; 3, the heart is not in the cmiter but is closer to the sternum th^Ti the 
back, closer to the arms than to the legs and closer to the left than the right arm; 
4, the limb leads used in obtaining the vectors in the frontal plane actually do 
not form an equilateral triangle (163), and 6, the body field is not composed of a 
homc^neous conducting medium (86, 167, 169, 173, 200), the lungs, for example, 
being poor conductors compared to the muscles of the back (169, 200). The 
view' held by Wilson’s laboratory that the electrical conductivity of the lungs is 
little different from other tissues is based on impedance measurements with 
extremely high frequency of alternating current (176). Such high frequency 
measurements are not applicable, ance in electrocardiography w’e are concerned 
with fluctuating currents of much lower frequency. Actual e 3 q)eriments writh 
insulation of various surfaces of the heart diow clearly that the lun^ are much 
poorer electrical conductors than blood, liver or muscle (169, 200). This gives 
certain parts of the heart a greater influence over others in creating the electric 
field of the body. 

These discrepancies between conditions in the body and those postulated as 
ideal canditions for vector anatyriis are agnificant enough so that vector analysis 
such as has been attempted can give only a crude approach to the actual vectors 
existing during the heart cycle. Of course a rough idea of the direction n-'nri 
possible m ag ni tude of the vectors can be obtained, but the approximation to the 
actual vectors remains to be establi^ed. 

Another factor of importance is that tlm heart is so large that when electrodes 
are placed on eertain parts of the body surface, as over the precordium, equal 
areas of the heart do not subtend the same angle at the electrode, consequently 
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they have unequal electric effects. Beduction of the electric forces to a single 
vector is inadequate since the part of the heart beneath the electrode plays a 
dominant rdle while more distant parts play a lesser r61e because the contribution 
of a given area of a polarized membrane to the potential is a function of the 
distance from the electrode and of the electrical conductivity of the intervening 
tissues. In this sense, and in this sense only, can the precordial electrode be 
considered a semidirect electrode. Under these circumstances it is difficult to 
see how a tetrahedron or cube can ^ve more than a rough approximation of the 
true three dimenrional vector. Attempts to get such stereovectograms are thus 
only rough approrimations. 

The construction of vectograms and stereovect(^rams (9, 27, 63, 64, 70, 74, 
79, 136, 137, 149, 160, 161, 152, 154, 302, 303, 304, 305, 319, 320, 321,322,323, 
328, 329, 361, 380, 381, 382, 383), the time course respectively of the vector in 
the frontal plane and in three dimensions, may give a crude picture of the summa- 
tion of the electric forces existing in the heart from moment to moment during the 
heart cycle, and can help to approximate the character of the forces in various 
circumstances. On a purely empiric basis they may prove to be of diagnostic 
value in various circumstances, but tiiey have not yet been found to serve this 
purpose. Even if this were accomplished, it cannot be considered that they 
actually depict the true summation of the electric forces of the heart cycle except 
in a distorted fashion. 

The attempt to summate the vectors during depolarization, during repolari- 
zation and during the entire ventricular electrical systole, the resultant vectors 
being known respectively as the QRS vector, the T (or more properly the S-T-T) 
vector and the ventricular gradient, (11, 12, 16, 16, 17, 18, 19, 20, 97, 168, 212, 
213, 364, 368) may also prove ultimately to be of practical value. However, 
these summations introduce other errors which may become misleading. For 
example, the QRS vector of the frontal plane may ^ve an identical value in the 
case of a deep Qs and Qs (i.e., a deep Qin leads 2 and 3) as in the case of a deep 
Ss and Sa and yet the frontal vectogram (i.e., a graph of the instantaneous 
vectors throughout the heart cycle) will be entirely different under these tw'o 
circumstances. Again the S-T-T vector caused by an inverted coronary Ts 
and Tt and an elevated S-Ta and S-Ts may be identical with that obtained when 
Ta and T| are upright and S-Ta and S-Tj are depressed, and yet the frcmtal 
vectogram will be entirely different in the two cases. Such summated vectors 
may thus conceal rigniffcant differences and the ventricular gradient derived 
from them may also be non-revealing. Of course, it is true that the measure- 
ments of the ventricular gradient can help to estimate whether a change in the 
S-T segment and T wave are due to poritional alterations of the heart on the one 
hand, or to injury, heart strain or some influence selectively affecting the re- 
polarization process on the other. In our experience, however, examination of 
the contour of the electrocardiogram in the limb leads and chest leads will serve 
this function as well if not better (164). The latter method will in fact avoid 
the implication that the solution is a mathematical one and therefore necessarily 
the correct one. 

It can be seen from the discustion above that there are two opporing viewpoints. 
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One overlooks individual variability and seeks a simple mathematical solution. 
The other is perturbed by the inaccuracies of the mathematical approach and 
fears that hy following it important variables may be neglected. There is merit 
in both approaches provided zealots do not overestimate or underestimate the 
relative merits of the opposing viewpoints. Considerable work remains to be 
done in defining the limits of both points of view. It is as much an error to deny 
the possibility that the true electric forces of the heart can be reconstructed from 
the electrocardiogram as it is to affirm that at the present time the estimated 
vector is adequate, fairly accurate and sufficiently informative for ordinary use. 

So-called unipolar leads. Another experimental approach remains to be dia- 
cussed and that is the attempt to obtain the actual potentials of single points in 
the conducting medium (25, 52, 55, 111, 112, 113, 114, 115, 129, 179, 219, 220, 355, 
356). For practical purposes there is little to be gained from these attempts but 
the problem of a suitable method to accomplish this is intriguing. If one were 
deal^ with on infinite sphere of a homc^eneous conducting medium the potentials 
of single points might be measurable but with the situation as it exists in the 
human body this is not strictly possible althou^ approximatians may be obtained. 
The use of the central terminal connected to the three extremities through 5000 
ohTOfl each has been widely discussed (cf. 356). Even the proponents who intro- 
duced this method recognize that while the central terminal may show less 
fi.uctuation in potential than any tingle distant electrode, it need not be at 
constant zero potential (317, 356). For example, it can happen that aU three 
limb electrodes may some time during the heart cycle be in the negative field 
while the potitive field is concentrated around the anterior precordium or vice 
versa. Under these circumstances the central terminal \\ill also have a negative 
potential (or a potitive one) greater than that of one or more electrodes to which 
it is connected. During this time it will be a “worse” contact for obtaining tiie 
true potential of the exploring electrode than some other single electrode. Gold- 
beiger’s so-called augmented imipolar lead (111, 112, 113, 114, 115) fails on 
theoretical grounds to meet even the requirements set up for the Wilson terminal, 
especially when it is connected to only two of the thiee limb electrodes. Other 
attempts to obtain the true potential of the exploring electrode have been made. 
One procedure is to immerse the body in a metal lined tub filled with a strong salt 
solution (51, 52, 78, 219), the patient breathing by way of a tube passed up 
through the bath. The entire metal lining of the tub is used as the indifferent null 
electrode. This is probably as close to a null electirode as one can obtain, but is 
not too practical. A variant of this procedure is to employ a broad metal covering 
of a large part of the body which should approach a null electirode more nefuly 
than the central terminal of Wilson (179, 2I2Q). However, it would appear that 
an absolute null electrode has not yet been perfected. 

Great care must likewise be employed in using precordial leads to determine 
the time of arrival of the impulse baieath the chest electrode (356, 357, 364) 
since distant effects obscure the so-called intrintic deflection especially when the 
electrode is not placed over the region of solid dullness. 

The Influence Exerted hy the Charadeai&tiee of the Body os a Condiuciar of Elwtrir 
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dly. In. the last section it was pointed out that the body differs from the ideal 
spherical conducting medium of large finite size and that on this account variables 
are introduced which make accurate calculation of the vectors impossible. These 
characteristics of the body as a conducting medium also affect the character of 
the electrocardiogram. Their variaticai in different individuals and in disease 
affect electrocardiographic contour. Some of these qualities Lave unimportant, 
others more striking effects. 

Persons vary in the relative diameters of their torsos. The body field of a 
fat person is different from that of a thin individual. It is doubtful, however, 
that these changes in body shape have any tignificant infiuence on the electro- 
cardiogram except as they are accompanied by rotation of the heart. 

More significant and commonly overlooked is the effect of variations in the 
electricial conductivity of the medium adjacent to the heart. For example, in 
emphysema where the limgs, abnormally distended by air, encroach upon the 
heart and increase the insulation fuound it, the potential differences set up in 
the external field tend to be smaller and current flow would largely be conned 
to the heart and pericardium. As a result, the amplitude of the defiections in 
the electrocardiogram tends to become smaller. Likewise pericardial or pleural 
effusions lying close to the heart are good electrical conductors and tend to shunt 
the external field which is of higher resistance, thereby decreating the current 
flow through the body field. Hence, here too, the amplitude of the defiections 
of the electrocardiogram decreases. The presence of focal pleural effusLons or 
of consolidations in the lungs near the heart tend to produce changes in the 
dectric field of the body and to modify the electrocardiographic contour. In 
short, alterations of the character of the electrical conductors adjacent to tiie 
heart modify the field created and thereby alter the recorded electrical deflections 
(163). Sutiti changes could affect the magnitude of the vectors reconstructed 
from the electrocardiogram, without affecting the orientation of the electric 
forces within the heart. 

The VariaUons Introduced hy Modification of the ATiatomy and Physiology of 
the Heart. Variations in the anatomy and physiology of the heart are far more 
important than variations in the character of the body field in detemmiiiig 
electrocardiographic contour. 

1. Variations in the normal heart. The recent experience of the war when 
electrocardiograms on lai^ numbers of normal persons were taken has clearly 
shown the wide range of variation of tiie '^onnal” electrocardiogram caused by 
differences between individuals. Contiderable variation is also found in the 
Ba.-mR individual in the course of ag^g. These variations with age determine the 
different normal limits of the electrocardiogram in infants, children and adults. 
The details of the anatomic and physiolc^c differences of normal hearts in the 
various age groups will not be considered here (cf . 164, 172, 282) . They depend, 
as do the variations in normal contour in any age group, on 1, the shape and siee 
of the heart; 2, the porition of its various axes in relation to the body, and 3, 
variations in the conduction paths for the impulse and in the location of the 
impulse origin. 
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The shape of the heart and the relafive size of its various chambers show some 
variation. This is particularly striking when one compares the heart of an infant 
with that of an adult. But even in the adult there is a considerable range in 
shape of the heart. Take for example the heart in which the diameter from base 
to apex is longer than the other two diameters and compare it with a heart in 
which the reverse is true. In the hrst case, assuming uniform rate of impulse 
spread, the arrival of the impulse at the apex of the septum will be delayed as 
compared with its arrival near the base of the anterior and posterior interventri- 
cular grooves. In the second case, the impulse will reach the apex sooner than 
the basal parts of the lateral walls of the ventricles at the interventricular 
grooves. Obviously the topography of the spread of the impulse will be suffi- 
ciently different in the two cases to vary the QRS configuration. One could 
write as extensive a treatise on the effects of such and other differences in the 
shape of the heart on the QRS vector as Ashman has on the effect of normal 
changes in the heart’s position (97). 

The subject of variations in the normal position of the heart has been covered 
extensively elsewhere (6, 6, 14, 97, 367) and need not be recapitulated here. It 
is apparent that this is of importance in accounting for the wide range in contour 
of the various deflections of the normal electrocardiogram. 

A giTnilflT effect can be demonstrated for variations in the anatomy and function 
of the specialized muscle of the heart from which the impulse originates and over 
which it spreads. Changes in the P wave may come about not only because of 
altered shape of the auricles or alterations in the portion of their axes relative 
to the body but also because the pacemaker may be located in the body or t^ 
of the sinus node instead of the head. Similar P wave contour changes may occur 
\riien the site at which the impulse leaves the anus node is different from the 
usual point of exit, even though the point of its origin has not shifted. 

The anatomy of the specialized conducting eyutem in the ventricles shows a 
normal range of variation from one heart to another, and these variations togethor 
with the variations in the speed of impulse transmisrion through the various 
elements of the bundle branch system and the associated terminal Purkinje 
net-work participate in the production of variations in the configuration of the 
ventricular deflections in the electrocardiogram. 

ISfot enou^ attention has been paid to the factors just discussed, namely, the 
variations in the normal anatomy and physiology of impulse ori^ and spread, 
the normal variations in size and ^pe of the heart and the normal variations in 
the location and properties of the electric conductors adjao^t to the heart in 
compariBon to the extensive conrideration given to the normal variations in the 
location of the asss of the heart. As a result, the latter have been ^ven undue 
emphasis and some workers have resorted to nebulous terms like “electrocardio- 
graphic vertical porition of the heart” to e3q)lain certain patterns of the eleotro- 
caidi(^ram not revealed by fluoroscopic or x-ray examinations of the heart. 

18. Variations in the aJmornuil heart. Changes in shape, rize and position of the 
heart play an important rdle m determining the electrocardiographic contour in 
the abnormal heart (184). Dilatation of the various chambers, displacements of 
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the entire heart and rotation on the various axes of the heart are common in 
disease and play a eignihcant rAle in determining the appearance of the electro- 
cardiogram. These factors have only recently been given adequate consideration 
in evaluating abnonnalities of the electrocardiogram. 

Heart disease also produces electrocardiographic alterations by causing hyper- 
trophy of the various chambers leading thereby to heart strain patterns. These 
come about because of the prolongation and altered manner of impulse spread in 
the h 3 q)ertrophied chamber which prolongs the time of depolarization to a sbght 
degree, alters the balance of electric forces during thifl timfi and tends to mfllcp. 
the pattern of repolarization follow more nearly the pattern of depolarization in 
time and space than is normally the case. 

Other pathological changes in electrocardiographic contour are caused by 
regions of ischemia and injury. By leading to unresponsive areas, to injury 
currents of rest, of activity and/or of repolarization, they are responsible for 
many modihcationB of the electrocardiogram. Sometimes these are sufficiently 
striking so as to constitute specffic patterns easily recognizable in the electro- 
cardiogram. 

Disease may modify the electrocardiogram by altering the speed of repolariza- 
tion in the whole heart or in different parts of the heart. Finally, disease leads 
to abnormalities in electrocardiographic contour by displacing the location of 
impulse ori^ and by producing delays or blockage in various parts of the path 
over which the impulse spreads. 

Drugs operate in fashions similar to disease in causing electrocardiographic 
alterations. 

It is the ta^ of the electrocaidiographer on the basis of experience and some 
knowledge of the theory of the genesis of the electrocardiogram to interpret 
properly the abnonnalities in its contour. How this is accomplished has been 
coneidered at length elsewhere (164). A major aim of these efforts to unravel 
the genesis of the electric forces of the heart must be the advancement of the 
ability to properly evaluate the electrocardiogram for clinical utility. 

SUMMARY 

The present review concerns itself with the theoretical aspects of the electro- 
caidiogram. Current theones and findings are critically evaluated from the 
author’s viewpoint. 

The subject is developed under the following four headings: 

a. The genesis and typical time course of the electric states of the heart during 
activity and injury. 

&. The laws governing the spread of current within a volume conductor. 

c. The influence exerted by the characteiistics of the body as a conductor of 
electricity. 

d. The modificationB introduced by ^(^uiations of the anatomy and physioU^ 
of the heart. 

a. The genesis of the electric states df the heart is diseased in terms of the 
classical hypothesis of polail!sa.tion, c^polarizatian and repolarization of the cell 
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surface corresponding to rest, activity and recovery, respectively. Modem 
refinements of these concepts do not significantly modify the classical concepts of 
the production of the main deflections recorded in the electrocardiogram. 
Alterations of the normal record caused by regional injuries to the heart muscle 
are explained and classified according to the mode of action of injury; injuries 
may be such as to produce changes during rest, activity or the recovery phase, or 
lead to a combination of these. The preset state of the problem of neurogenic 
versus myogenic impulse ^read and of the syncytial character of heart muscle 
is discussed. The view is expressed and defended that, some recent evidence 
to the contrary, myc^nic transmission accounts for the spread of the impulse, 
and that, on the ba^ of their syncytial character, the auricles and the ven- 
tricles each acts electrically as a single cell. A brief detailed topographical and 
chronological accoimt is presented of the spread of the impulse as the basis on 
which the typical time sequence of the deflections seen in the electrocardiogram 
can be understood. 

h. A discustion follows of the modification introduced into the recording of 
the electric states of the heart produced by the circumstance that the recording 
electrodes are placed at a distance from the source of current. These modifi- 
cations are considered in terms of theoretical charged surfaces interposed between 
polarized and depolarized redone of the heart which alter in position and direction 
of charge as the sources and sinks of current shift during the heart cycle. The 
influence of injury upon such theoretical charged surfaces is also considered. 
Next, the attempt to summate the electric forces created during the heart cycle 
in terms of vector analysis is presented. Its main limitation is seen in the fact 
that the initial assumptions from which the analysis proceeds are, as yet, crude 
overedmplifications which must lead to a distorted picture of ev^ts in the 
heart. 

c. Aside from the distortions generally introduced by contidering the body as 
a large sphere of homc^eneous conducting properties with the heart at its center, 
individual distortion may be introduced by pathological variation of the con- 
ducting media next to the heart. 

d. Consdderably more importance is attached to the effect of modifications in 
the anatomy and physdolc^ of the heart itself in altering the contour and time 
pattern of the normal electrocardiogram. As examples of such modifications of 
the normal heart are discussed differences in tize and shape between the mfantilfl 
and the adult heart, the effect of variations in the relative length of the two rnam 
heart diameters from one heart to another, and the well worked out effect of 
variations in the petition of the main axes of the heart with respect to the body. 
Of even more striking effect than these normal variations are, of course, patho- 
logical variations in the anatomy and phytiology of the heart which are en- 
countered in disease. 
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The passage of mateiials across a membrane consisting of cells, e.g., the capil- 
lary wall, requires a consideration of several structural and environmental fac- 
tors. Environmental effects may be mediated through chemical action on the 
structure of the membrane; or they may be mechanical through the esnrtion of 
pressure on the membrane. The effects of the mechanical factor may be purely 
a matter of degree, variations in the amount of material passed through in a 
given time occurring without fthw-nging the permeability characteristics of the 
membrane; or they may be qualitative, distending and thereby increasing the 
porosity of the membrane. Even when considering the interrelations of purely 
extrinsic factors such as hydrostatic and osmotic pressure, it is necessary to tahe 
into account both qualitative and quantitative effects on the fluid-exchange 
across the membrane. The action of speciflc chemical substances obvioudy in- 
volves qualitative changes. In this r^ard an understanding of the structural 
components' of the membrane is of prime importance. Moreover, since we are 
dealing Vrith a hemodynamic ^stem, we must treat the permeability of the mem- 
brane in relation to tlie multiplicity of factors which control the peripheral dis- 
tribution of the blood. 

On the basis of structural factors conditioning the passage of material across a 
cellular membrane we may diatlTi g iiiRh tiiree types (1). The permeability of one 
depends entirely on the cells constituting the membrane. This type is exempli- 
fled by secretory epithelium in which the constituent cells perform work in selec- 
tively absorbing material from the environment on the one side, passing 
it throu^ the cytoplasm, and expelling it to the envu'onment on the other side of 
the cell. An example of this kind is the wall of the renal proximal tubule in 
which a one-way permeability is so pronounced that even water is driven through 
in one direction against an osmotic pressure gradient (2). The hydrostatic pres^ 
sure developed within such a tubule may be so high that the tubule distends and 
the constituent cells become compi^sed from their normal cuboidal to a flat 
pavement shape. Moreover, this can occur without affecting the one-way, selec- 
tive permeability of the membrane. 

Any c^ular membrane which depends for its permeability on its constituent 
cells must be highly sdective. The life of a ceU is conditioned by its ability to 
maintain a differential between the enviranment of the cell and its interior. 
Concerning the penetration of substances into and thtir escape out of an in- 
dividual cell, much investigation has been done and speculation advanced. But 
even the speculations have never gone so far as to assume that a cell can serve as 
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^ indisc rimin ate thoroughfare for all material existing within certain critical 
dimensions of size. If the passage of materials into a cell, through its cytoplasm 
and out to the other side, is a sole property of colloidal and hydrostatic pressure 
differences, then our whole concept concerning cdl-life falls to the ground. 

The second type of cellular membrane hag a permeability in which both the 
constituent cdls and the intercellular material take part. Hoeber (3) has pre- 
sented evidence for such an occurrence in the int^tinal mucosa. In this type, 
the secretory activity of the cellular conslituents predominates so that the com- 
position of the fluid passed through the membrane is a mixture of secretion and 
iatercellular diffusion products. 

The third type of cellular membrane is one in which the permeability depends 
primarily on the intercellular cement-substance. The r61e of the cells would then 
be that of building blocks and be responsible mainly for elaborating the cement 
which lies between them and holds them together. 

The relatively undiscriminating nature of the permeability of the wall of the 
blood capillary classifles the endothelium as a cellular membrane of this third 
type.* In other words, the permeability r61e of the constituent cdls would be 
decidedly subordinate to that of the intercellular substance, otherwise the en- 
dothelial cell would have to be so porous as to make it difficult to conceive how 
such a body of protoplasm can maintain the highly specific attributes of a living 
cell (cf. Krogh (4)). 

The mere fact of the thinness of the endothdial cell does not necessarily indi- 
cate that it possesses the wide range of permeability of the capillary wall. Layers 
of living protoplasm as thin as the endothelium possess a high d^ree of selectivity 
in their permeability to substances in solution. For example, the protoplast 
surrounding the vacuole of a marine plant cell, Valonia, is only a few microns 
thick, nevertheless it maintains a pronounced degree of ionic difference between 
the fluid in the vacuole and the surrounding medium. 

For water and for nonelectrolytes of sufficiently small dimensions, e.g., COs and 
Os, passage into and through a cell may occur by phydeal diffusion depending on 
concentration gradients and differences of osmotic and hydrostatic forces on the 
two opposite sides of the cell. On the other hand, the cellular transport of dec- 
trolytes has been recc^nized only in secreting cdls through a mechanism in- 
volving expenditure of energy beyond the basal requirements for vital int^pcity. 
The endothelial cell may serve in the phjdcal transfer of water and presumably 
of dissolved gases but the permeability of the endothelial wall for substances 
such as all electrolytes, leuge nonelectrolytes and cofloidal suspensions is, except 

* There are special instances when the composition of tissue or body fluids in a particular 
regional area cannot be explained by simple ultra-filtration throud^ the wall of blood ves- 
sels, e.g., synovial fluid, aqueous humor, cerebro-spixial fluid, extracellular fluid of brain 
tissue, etc. In these cases the barrier between, the blood and the particular body cavity is 
double, consisting of an endothelial covered by an epithelial layer. Since the evidence 
overwhelmingly indicates t^at the endothdial Is^er acts as a siinple ultrafilter, a secretoiy 
jneohanism of the epithelial layer is probably r^ponsible for the selective permeability of 
the barrier. 
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for particle size, so non-selective that the cell physiologist would prefer to rel^ate 
their passage to some constituent of the wall other than the Ihung endothelial 
cells. 

The alternative is the unlikely occurrence of active uptake by cells through a 
complex process of phagocytosis on an ultra-microscopic scale. The uptake by 
living cells of particulate matter is wdl recognized as phagocytc«is. This process 
of ingestion has been extended to the uptake of colloidal dj'es by means of ultra- 
microscopic phagocytosis. On the other hand, the only known mechanism for 
the elimination of such partLclea is either by a dissolution of the cell containing 
the particles or by a pinching-oS of a bleb of cytoplasm encloabg one or more 
particles. This must Involve expenditure of energj’^ and a complex mechanism. 
It would be highly uneconomical for endothelial cells to use this method rou- 
tinely in transferring particles from the lumen of the blood vessel to the outside. 
Florey (5) injected starch grains into the blood stream and found some lying in 
the endothelium and others outside. Bis claim for their passage throu^ the 
endothelial cell is by ioference only. Field and Drinker (6) observed the 
passage of calcite particles through Bie endothelial wall. The slowness of the 
passage led them to postulate uptake by tbe endotbelial cell from the blood and 
ejection on the other side of the wall. However, passage through spaces in a 
cement substance, which presumably is stickj”, may also be slow. Moreover, the 
physical condstency of the cement substance between the cells must be such as to 
permit the passage of particles of colloidal size up to aggr^ates and even leuco- 
cytes and red blood cdils. 

The material between the cells can act as a physical filter without the expendi- 
ture of eneigy, a mode of filtration stressed by Landis (11). Such a filter could 
exhibit variations in its limiting pororily of vessds in different tissues and also in 
the same tissue under different enviromi^tal conditions. Likewise, the findings 
of Abell (7) that newly developing blood capillaries are more highly permeable 
than later, suggest the gradual devdopment of an interendothelial cement. Wil- 
brandt (8) dtes the limiting porosity of the capillaries in the glomerular tuft of 
the kidney to be that of a molecular volume of 68,000. The uppermost limit of 
porodty of a cell membrane has never been claimed to be in excess of 342, the 
molecular volume of saccharose. A route other than the cdl proper should be 
postulated in order to account for the passage, in bulk, of molecular a^regates 
througb the endothdial wall. 

The term, capillaiy permeability, has been loosdy used without discriminating 
between those ph^omena which ore indirect in their action, i.e., through forces 
in the blood and surrounding tissues which do not affect the intrinsic properly of 
the membrane barrier itsdf, and tho^ which are direct, Le., through factors 
which induce actual changes in the compodtion of the capOlaiy wall. 

A search of the literature reveals the lack of dear-cut evidence for defining the 
type of permeability rderable to the changes being discussed. Many of the 
fluctuations in tissue-blood exchange which have be^ ^escribed as evidence for 
altered capillaiy petmeabilify may not involve actual changes in the structure of 
the capillaiy wan. Such fluctualhms are to be attributed rather to extrinsic 
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pheDomenai, such as fluctuatiozis in hydrc^atic pressure, factors r^ulating peri- 
pheral blood flow, avidity of extra-capillary tissue for either solute or solvent, 
under normal or experimentally induced conditions, etc. Alterations in per- 
meability to be ascribed to changes in the membrane would be of primary impor- 
tance in pathological phenomena. Under normal conditions it is highly probable 
that factors exist which maintain the capillary wall in a stable physico-chemical 
state. An elucidation of these factors must diatingiiiaVi between effects on dif- 
ferent components of the capillary wall. 

Abchitectube oe the captltjA.ry wall. There is good evidence for the exis- 
tence of three structural components of the capillary wall, variations of each of 
which may alter conditions affecting the passes of materials through the wall. 
These are: the endothdium per as, consisting of pavement-like cells, and an inteiv 
c^ular cement; an endocapUlary lining, which is non-cdlular and is posribly 
derived from the circulating blood protdns; and third, a pericapiUaiy sheath, 
which serves as an outer, supporting layer with characteristics common to the 
surrounding connective tissue matrix. 

1. The Capillary Endoihelium. The outstanding component of the capillary 
wall is the endothdium proper, the barrier usually considered as r^ulating the 
passage of materials from blood to the surroimding tissue. Most discusdons 
assume that the exchange across the endothdial membrane involves the endo- 
thelial cehs and Danidli (9) has gone so far as to postulate a continuous plasma 
membrane as the conditioning factor in capillary permeability. A more likely 
alternative, based on the highly porous diaracter of the capillary wall, is to 
rd^ate a prominent r61e to the intm'ceilular cement acting as physical ultrar 
filter. 

Insistence on the cdl as the primary route for tissue-blood fluid exchange would 
necessitate condderi^ the endothelial cell as a radically modified, parchment-like 
cdl remnant, an m^rranted assumption dnee the endothdial cdl is known to 
possess fundamental propertira of a living cdl. It is capable of changing ils form 
and size; it possesses t(me; it is irritable and reads to prodding; it undeigoes 
mitotic division and, in common with living cdls, its nudeus is a prominent struc- 
ture which can be stained with bade dyes only after death. The concept that 
the endothdial cdl plays a subordinate rdle in the exdiange across the capillary 
wall does not imply that the cdls are not vitally concerned in maintaining the 
capillary wall as a living structure. Adde from their functions in repair and 
regeneration there is evidence (10) that the endothdial cell elaborates the cement 
substance which bmds the cdls into a continuous membrane. 

The concept of capillary permeability presented in this review is based on the 
properties of the non-cellular components of the capillary wall. The intercellular 
cement substance serves as a filter, the sdective properti^ of which depend upon 
variations in its porodty. The passage of material throusdi sneh a membrane 
would depend upon the number, size, shape, distribution and other properties of 
the por^ of the cement also upen tire nature of thdr coating and the extent to 
whidi the pores can be plumed. 

A quantitative oondderation of the passage of substances tibrough the capil- 
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lary wall must take into account the surface area of the cement rdative to that 
of the cells available for filtration. Landis (11) cites figures to show that the 
filtration rate across the capillary wall occurs at 3.7 X 10~® cc./cm.*/min./atmo8. 
This is approximately 100 tim^ the value for the permeability to water of the 
arbacia egg as computed by Luck4. Wilbrandt (cf . 8) made a comparison of the 
absolute water permeability of red blood cells, leucocytes, fibroblasts, arbacia 
eggs and amoebae with that of a blood capillary wall. On the basis of equal pres- 
sure, area and time, he arrived at the same value as that of Landis, i.e., the per- 
meability of the blood capillary to be 100 X that of a living cell. Let us assume 
that the endothelial wall is 99 per cent cellular and 1.0 per cent intercellular and 
let us also assume that the permeabilil^ of the individual endothelial cell is the 
same as that of cella which have been measured. Then in 1 sq. cm. of capillary 
wall we would have 0.01 sq. cm. of intercellular cement having a high permea- 
bility’’ and 0.99 sq. cm. surface of the cellular constituent ha\'ing a low permea- 
bility. The permeability constant as found by Landis could refer to only the 
one hundredth part of the square centimeter wall consisting of cement substance. 
Let us imagine 1 sq. cm. of wall consisting entirely of the cement substance. The 
permeability constant of this 1 sq. cm. area would be larger by a value of 4 orders 
of magnitude than a comparable area consisting only of cdls. Thus, any slight 
dbange in the nature of the cement should enormously affect the permeability of 
the endothelial wall. The pore size in the cement may vary under different con- 
ditions, e.g., mechanical stretching of the membrane or by changes in the chemical 
nature and pH of surrounding medium. Such changes may influence the amount 
of fluid which passes in a given time. Fuithermore, a mere change in shape of 
the por^ from an elliptical to a circular, will change the limiting porosity of the 
membrane to colloidal constituents without affecting the rate of water exchange 
( 12 ). 

Iifiiereellular cement. In view of the rdative importance (]$the inter-endothelial 
cement it is necessary to discuss factors concemed with the maintenance of its 
phj’mcal state. The early investigators. Singer, Herbst, Overton, stressed the 
existence of a reversible, organic calcium salt which serves as a cohesive substance 
for binding cells tc^ther. The physical state cf the cement can be varied by 
nhangiTig either tile pH or the calcium content of the medium (cf. 10). This 
non-ceilular constituent of the capillary wall was recognized by Cohnheim in bis 
earlier papers about 1867 and by Arnold in 1887 who claimed that a loosening of 
the cement substance may become so great as to result in the formation of stig- 
mata through which diaped^ occuned. Rabl, in 1893, suggested that the 
inter-endothelial lines, made viable with olver nitrate, were due to the formation 
of a silver proteinate. 

The capOlaiy circulation in the frog’s mesentery has proven to be an excdlent 
r^on for experimental studies on -the rdle of the interendothelial cement (cf . 10). 
Artiflcial perfusates containing ash-free gdatin were used, the calcium content 
and pH of which wore varied 'within viable limits. The gelatin was used since 
without it the Einger’s solution, even with the normal complement of calcium and 
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at the blood pH of 7.4, soon resulted in excessive edema indicating an abnormal 
permeability of the capillaries. 

Changes in the physical state of the inter-endothelial cement could be detected 
by the adhedveness to it of carbon particles suspended in the circulating per- 
fusate. An increased sticking indicated a softening of the cement. Adh^ve- 
ness of India ink to the endothelium has generally been taken, e.g. by Landis, to 
indicate abnormal increase of permeability. Under normal conditions only 
occasional particles of carbon adhere to the vessel wall. When the acidity of the 
perfusate was increased or its calcium content was decreased there occurred an 
increased sticking and accumulation of the carbon particles especially along the 
inter-endothelial lines of the capillary wall. The softening of the cement was 
accompanied by a marked edema. The accumulation of the carbon along the 
endothelial lines indicated where the outward filtration of fluid was most pro- 
nounced. When excffis calcium was present no such accumulation of carbon 
occurred along the inter-endothelial lines; moreover, no edema developed. 

Under normal conditions the cement is being continually replaced. This was 
graphically demonstrated by applying a small quantify of 10 per cent silver nit- 
rate with a micropipette to the surface of a capillary. The inter-endothelial 
lines immediately blackened and, as the blood flow continued, a blackened, amor- 
phous material dropped off into the stream. The absence of any sign of leakiness 
or ^^aible alteration in the flow indicated a continuous replacement of the cement 
as it was washed away. Micro-trauma invariably is accompanied by increased 
leakiness in the affected area. With more severe trauma a striking phenomenon 
is the appearance of transparent, glufanous masses exuding from the inner wall. 
These masses, made obvious by the carbon sticking to them, slough off and are 
carried downstream. The increased poroaty of the vessel wall is indicated by a 
lowing of the blood stream as it approaches and passes by the affected r^on. 
In the region of sluggish flow the red cells become crowded together. After a 
few minutes the normal rate of flow returns with a recovery of the capillary wall 
to its former normal state. The reveiability of the phenomenon, from the de- 
velopment of a leaky state to eventual recovery, indicates a reconstitution of the 
cement which had been lost following the mitial injury. 

The suggestion is offered that an important r61e of the endothdial cell is the 
elaboration of an intercellular cement, the chemical stalD^ty and reactivity of 
which control the permeability of the blood capillary. 

2. EndocaptUary Layer. Another Component of the capillaiy wall is a thin, 
non-cellular layer lining the inn^r surface of the endothelium. Its formation has 
been ascribed to the adsorption of a blood prot^ (13). 

Danielli, in studies on perfused hind-l^ of the fw^, has offered indirect evi- 
dence for an adsorbed protdn layer based on differences in the porosity of the 
capillary wall which occur with variations in the colloidal content of the perfu- 
sion fluid. He used a vcuiety of colloids in isosmotic concentrations and found 
the order of rdative efficiency in preventing edema, i.e., reducing capillary per- 
meability to be : serum > acacia > ovalbumin > hemo^obm. He postulated that 
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cei*fcaiD blood proteiDA have a specific tendency to be adsorbed on the walls of 
tlie capillaiy pores and suggested that the partide size of the colloidal constitu- 
ents play an important rdle. Such an adsorption mechanism would explain the 
findings of Krogh and Harrop (14) and of Drinker (15) that the edema caused by 
a perfusate of 3 per rent gum acacia can be markedly reduced by the addition d 
small amounts, e.g., 10 per cent, of blood serum. 

Danielli also brought up the interesting point that certain basic proteins, e.g., 
dupdn, added to serum, cause an increase in capillar}' permeability when the 
perfusate is kept at a constant pH. He suggested that the increased permea- 
bility is due to a displacement of the adsorbed plasma protein layer by more 
highly surface-active clupein which forms a much thinner layer than does plasma 
protdn. 

In our investigations on the action of calcium and of pH on the inter-endothelial 
cement we were struck with the fact that perfusion fluids consisting of purdy 
ciystalloidal solutions, evmi with adequate calcium and proper pH, induced 
leakiness of the capillary wall with consequent edema although there was no in- 
dication of defident inter-endothdial cement. This suggested that in the ab- 
sence of a colloid the cement filter, although intact, lacks a physical component 
which is furnished by a colloid. The cement filter is porous enough to permit 
passage of colloidal material. A change in porosity occurs with the addition of 
alight amounts of a colloid which probably clogs the cement filter, thereby di- 
mi ni ah i n g its porosit}'. Endently, the adrorbed colloid constitutes the endocapil- 
laiy layer. We used various colloids and found their relative efficienty in causing 
a recovery of a leaky capillary to be of the oi-der: blood serum > bovine albumin 
> ash-free gelatin > gum acacia. This accords with eimilar findings of Danielli 
in relation to perfused blood vessels. 

Direct micrrtscopic evidence for such a layer has not been forthcoming. A 
near approach has been from obser\'ations of the frog’s mesentery perfused with a 
crystallcad,fr<g-Ilmger’8 solution containing Evans blue which is known to com- 
bine with blood albiunin. During the perfuaon thin strands and sheets of a 
faintly colored blue, translucent material we e seen sloughing off the inner surface 
of the capillaiy and beiig carried away in the stream. This sloighing continued 
for 10 to 16 minutes during which the mesentery became increasinjdy edematous. 
Ch an g i ng the perfusate to one containing either 1 per cent gelatin or 10 to 20 
per cent fixg or fowl serum resulted in an appreciable reduction of the edema. 
When the perfusion fluid was changed back to the original ciystalloidal solution 
with Evans blue there again appeared the sloughing off of faintly colored sheets of 
glutinous material. 

3, Pervxipillary Sheath. The existence of a supporting tissue investing blood 
oapillariea has been su^^ted by several investigators, e.g., Hdmberger (16), 
Benninghof (17), Midaumo (18) and. Rfichels (19). Yolterra (20a) made ex- 
tended studies on this subject and has clearly demonstrated the pr^ience of a 
closely fitting, inveslang layer of aigentophil fibrils over the outer surface of the 
endothdinm of calvaries. Such an investment is well exhibited in brain tissue. 
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In other tissues it appears to be continuous with argentophil fibrils surroundii^ 
glandular alveoles, muscle fibers, nerves, etc. 

Volterra obtained variations in the amount of blood flowing through a given 
tissue to be in accordance with changes in pH and dectrolytic content of the per- 
fusate. He ascribed this to differences in action of the perfusate on the peri- 
capfllarj' sheath theieby conditioning the dze of the vessels in the capillary bed. 
The significance of Yolterra’s conclusions lies in his comdetion that variations in 
the amount of the circulating fluid may be referred to the supporting tissue with- 
out the necessity of assuming changes in the endotheliuni proper. This conclu- 
sion was not verified by looking for actual change in the capillary structure. 

In an earlier paper f20b) he describes, in cases of nephrosderoris and hyi>er- 
tension, a transformation of the pericapillary sheath from the normal ddicate 
layer containing finely anastomosii^ aigyrophilic fibrils into a thick layer which 
may be hyalinized. Under such conditions he observed the presence of red blood 
cells permeating the w^all and believed this to indicate an increased porosity' of the 
v^sel. More recently, Gorev and Smimova^Zamkova (21) described similar 
changes, in cases of «imna and hypertension, in a layer which they termed a he- 
matoparenchymous barrier. The existence of a pericapillary sheath and its 
possible r61e in various patholofflcal conditions makes a study of the normal 
properties of the sheath one of prime importance. 

The presence of a relatively stiff layer of material against the outer surface of 
the capillary endothelium is evident when a white blood cell is undergoing dia- 
pedesis. The extruded portion of the diapedering cell never moves directly 
away from the ■wall but spreads over the outer surface of the endotheJium and 
remains for some time pressed dosely between it and the pericapillary sheath. 
The cell finally works its way through the interstices of the sheath to move more 
freely in the less resistant regions of the connective tissue matrix. The relation 
of this sheath to the connective tissue is su^ested by the fact that agents which 
affect the connective tissue matrix appear to exert a similar action on this peri- 
capillary sheath. We have made intravenous injections of the mucolytic 
enzyme, hyaluronidase,”* and also have applied solutions of it with micropipettes 
on the surface of capillaries in the mes«atery of the frc^. In both cases there 
was no evidence of increased sticking of the capillary wall or of any increase in 
permeability. A dgnificant feature which did occur was the abrupt development 
of microscopic petechial hemorrhages. These occur through spots in the wall 
weakened by the softening of “the supporting connective tissue sheath and, there- 
fore, easily ruptured by the internal blood pressure. AVe regard hyaluronidase as 
a factor in accentuating capillaty fragility rather than in inducing direct changes 
in capillary’ permeability (22). 

Moreover, we found that bactedal toxins* (Shiga exotoxin, dostridium 

• The hyaluronidase was prepared from t^ticular extracts and supplied through the 
courtesy of Dr. Karl Meyer of the College of Physicians and Surgeons, Columbia Univer- 
sity, N. y. 

* These bacterial toxins were supplied through the courtesy of Dr. Bend Dubos of the 
Hoekefeller Institute and Dr Colin Macljeod of New York University College of Medicine. 
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Tvelchii, C. perfringens and C. septicum), injected into the blood stream of rats, 
cats and dogs, caused the production, several hours later, of petechial hemor- 
rhages among the mesenteric and omental capillaries T\ith no evident dissolution 
of the inter-endothelial cement. These bacterial toxins are kno^\n (23) to con- 
tain a hyaluronidase component to T\hich the increased fragility of the capillaries 
can be attributed. We therefore r^ard Duran-RejTial’b (cf. 22) postulate that 
hyaluronidase regulates capillary permeability as being concerned Tvith an in- 
crease in fragility of the capillary Tvall rather t.h.q.n T\ith the more readily rever- 
sible phenomenon of changes in capillary permeability. 

4. Micromanipulahve Studies on the Capillary Wall. The structural make-up 
of the normal capiUaiy' wall is so ddicate that mechanical handling even on a 
micrurgical scale invariably produces changes in its permeability characteristics. 
This has already been indicated by Landis (cf. 11). The reversibility of such an 
injury depends upon the intensity of the change produced. Merely moving the 
tip of a microneedle back and forth in the close vicinity of a capillary will inflict 
an evanescent injury sufficient to cause an outflow of fluid. This is made evident 
by an approach, to the injured q)ot, of red cells and an outward leakage of dye. 
In mammals there also occurs a temporary sticking of platelets to the inner 
surface of the capUlaiy wall. A more drastic reaction, but one which is still 
reversible, can be occasioned by gently rubbing the surface of the capillary with 
the blrmt tip of a microneedle. This induces not only a sticking of platelets and 
of leucocytes but also a rapid escape of dyes of relatively large colloidal dimen- 
sions, such as Evans blue. The leakiness of the wall may become so high that 
the red cells are diverted from their forward course and applied against the 
inner surface of the ve®el. With stall more severe injury but insufficient to 
cause actual rupture, red cells may be passed through minute openings to the 
outside. The various effects, grading from a slightly increased porosity to a 
pronounced leakiness, are similar to those observed when perfusion fluids are 
used which are deficient in calcium or are more acid than normal. Similar 
effects are obtained when the adjacent tissue is acidified. Evidence of this 
has been obtained (24) by depositing a microdrop of olive oil containing glacial 
acetic acid in the vicinity of a capillary. 

All the procedures, viz., microtrauma, use of calcium-deficient perfusates, 
caldum-contaiDing, acid perfusates, or local acidification, act by softening (made 
evident by carbon sticking) and dissolving the inter-endothelial cement. The 
changes in the cement caused by the microtrauma are possibly due to a local 
production of an “acid of injury”. An additional factor is the contracting 
reaction of individual endothelial cells. Contiguous cdls can be made to Tvith- 
draw from one another sufficiently to loosen the cement between them. An 
extreme example of the latter type cff change is the shrinkage reaction of the 
endothelial cells to hypertonic sucrose or mannitol solutions locally applied 
with a micropipette. The ceUs retract from one another to the extent that 
spaces between them become studded with dumb-bdl diaped red cells partly 
extruded through the vessel wall. As the hypertonicity passes off the endo- 
theflol cells return to their normal expanded condition and dose the spaces 
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between, them. The red cdls, caught in the wall, then either move out, fall 
back into the vessel, or become pinched in two (26). 

Summation on bignutcakcb op aechitecttjbe op capillary wall. The 
preceding analysis of the constitution the capillary wall presents a structural 
basis concerned with the interchange of material between blood anH 
The inter-endothelial cement serves as the basic framework, the porous interstices 
of which vary with changes in the electrolytic balance of the medium. The 
endocapillary lining appears to be an adsorbed layer of a blood protein which 
penetrates the interstices of the cement and serves further to r^ulate the pore 
size of the cement filter. The third constituent is the pericapillaiy shAj^ t.h 
which appears to be a condensation of connective tissue Ber\'ing to give mechani- 
cal support to the blood capillary. It is probably sufficiently porous to allow 
free passage for the fluid part of the blood. 

Each of the above three components can be affected separately by a variet}' 
of conditions so as to induce changes in the permeability of the wall. Hence it 
is difficult to assume a single permeability factor, such as a permeability hormone 
or vitamin, to account for the overall maintenance of fluid balance between 
blood and tissue. 

It is to be noted that variations in the permeability of the capillary can be 
accounted for by changes in the non-living components of the capillary wall. 
An important function of the endothelial cells appears to be the elaboration of 
the cement. In extreme cases, since they are initable, the cells can contract 
or expand and in this way affect the porosity of the wall by changing the physical 
characteristics of the cement filter. 

Tofoobafht 07 THE CAPiLLART BED. Since capillary x^^nneability is in- 
timately rdated to hemodynamic aspects of the peripheral circulation, it is 
necessary to review briefly the factors concemed in the distribution of blood 
through the capillary bed. It is unfortunate that an understanding of the 
actual anatomical topcgraphy of the capillary bed has been generally overlooked 
in attempts to elucidate its functional activities. The tendency has been to 
consider the capillaries as ample tubes with the only anatomical differentiation 
of clasafying them as arterial or venous. 

Topographical studies of the capillary bed have riiown that the vascular 
components may be of different sorte which are precisely arranged into organ- 
ized units of structure and function (26). In some tissues the capillaries have 
no discernible organization. This lype is found in tissues which maiutaiTi a 
fairly constant level of flow volume. In other tissues, where nutritive demands 
vary with changes in functional activity, a well defined pattern exists, e.g., in 
the muscular system and in the gastro-intestinal tract. During periods when 
the tissue is inactive the flow is restricted to prefereutial channris, while during 
periods of increased activity the flow becomes wid^read throughout the capil- 
lary network. 

The preferential vessels have be^ termed thoroughfare or a-v channelB. 
The proximal portion of these channels, termed metaxterioles, tcgether with 
thrir precapillaiy spbincteric offshoots, are muscular and spontaneously undergo 
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periodic changes in caliber. This type of movement has been termed vaso- 
motion, a slow intermittency of partial relaxation and constriction at intervals 
of about 30 seconds to 3 minute. The vasomotion ser\''^ as a mechanism for 
restricting the blood how to the thoroughfare channels or permitting it to become 
more widespread through the capillary bed. It is the mechanism which locally 
adjusts the peripheral flow to the needs of the tissue. The precapfllary sphinc- 
teric offshoots lead into an mter>anastomosmg system of true capillaries (devoid 
of muscular elements) which constitutes the bulk of the bed. The capillaries 
rejoin the distal continuation of the thoroughfare channels through inflowing 
tributaries. 

The hydrostatic pressure in any oi the true capillaries throughout the bed 
is extremely variable. It depends from moment to moment on the intermittent 
state of the precapillarj’^ sphincters and on the efficiency of the venous outflow. 
On the other hand, the thoroughfare fthanriftlp maintain a proportionally con- 
stant pressure rdationship between their arteriolar and venous ends. This 
condition depends largely upon the pressure in the arteriole leading into them. 
The venous outflow from the bed is determined by the rate and magnitude of 
the flow through the thoroughfare channd. 

Thus, the thoroughfare channel is the basic structural and functional com- 
ponent of the capillary beds. The capillary network is accessory to it and 
exhibits great variability in its rdle in fluid exchange. This variability was 
noted by Landis and is reflected in the high d^ree of scattering exhibited in 
recorded measurements on intracapillary pressure (Landis (27)). Such measure- 
ments would be of greater signiflcance and more consistent if they were made 
on the arterial and venous s^ments of the thoroughfare channels. 

The relatively low hydrostatic pressure in the true capillaries throughout 
the bed is accomplished by the resistance offered through the sharp, backward 
twisting of the junctional portions of the outflowing precapillary offshoots, 
t<^ether with the relatively wide postcapiUaries which lead into the 
portion of the thoroughfare channel. The sphincteric action of the precapfllary 
musculature is a further factor in sharply lowering the arterial pressure as the 
blood enters the true capillaries. 

The flow through the thoroughfare channels is usually distinctly more rapid 
than dsewhere in the bed, and the fall in hydrostatic pressure from thdr arteriolar 
to thrir venous ends must be of lesser magnitude than that which occurs in the 
side branches. As a r^ult, the channel is to be considered as the predominating 
r^on for outward filtration while inward filtration would be a characteristic 
function of the true capillaries. The occurrence of outward and inward filtration 
at different sites makes it unnecessaiy to ftwaiTYiA that the movement of fluid 
and of suspended materials ^ould occur sunultaneously in opposite directions 
throu^ the wall ci the same capillary vessel. 

Vasomotion and its iNiTixnBNCB on biiXTId exchange*. Vasomotion is the 

* Thia and other sections constitute an amjdification and an analysiB of accumulated ob- 
Bervations from a group study on the capillary droulation in secondary shock hy the authors 
irith X!. L, Chsmbers, O. H. A. Clowes, Q. W. Duncan, C. G. Grand, C. Hyman, M. J. Kopac, 
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term applied to the spontaneoudy occiirriiig periodic rdaxation arnl constriction 
of the thoroughfare channel and of its precapillaries (cf. 10). The dilator and 
constrictor phases of the Vasomotion alternate irr^ularly from minute to minute, 
and the duration of one or the other phase varies under different physiolc^cal 
conditions. The vasomotion of the muscular, proximal portion (the metarter- 
iole) of the thoroughfare chaimds is wavelike and exerts a inillring action on 
the inflowing postcapillaiies which lead into the fliR tal portion of the channd. 
Normally, the blood-flow throu^ the channel is fairly constant as a result of 
which its hydrostatic pr^sure should remain relatively high. The vasomotion 
of the precapillary offshoots, manifested by an opening and cl(sing of th^ 
sphincters, conditions the flow throu gh the true capillaries arrinug which it 
occasions alternate periods of varying hydrostatic pressure. The relative 
duration of th^ periods varios greatly under different conditions. The fluid 
exchange in the capillary bed is thus greatly influenced by the character of the 
vasomotion. This ddicatdy balanced activity depends upon a nervous factor, 
which is vaso-excitor, and on humoral factors which may be dther vaso-exdtor 
or vasodepressor. The tissue oii^ df some of the humoral factors offers a 
means for the vasomotion to act as a mechanism for locally r^pilating the dis- 
tribution of the blood and, thereby, the extent and duration of inward and of 
outward flltration in the capillary bed. 

The direct action of the vasomotion affects the fluid exchange by determining 
the flow of blood to be either by way of the thoroughfare channels or of the 
true capillaries. The fluid exchange is also affected indirectly by the influence 
which the distribution has on the rate of venous outflow from the capillary 
bed. For example, when vasomotion is deflcient or absent, the precapiUaries 
remain open and the propeUiog force of the pressure transmitted by the arterioles 
becomes dissipated through the numerous capillaries of the bed. This spread 
of flow causes a slowing in the rate of overall movement throu^ both capillaries 
and thoroughfare channels with the r^ult that blood tends to accumulate in 
the collecting venules. This induce suffirient back pressure to favor an overall 
outward flltration. On the other hand, when vasomotion is active, the flow 
throu^ the capillary bed is increarin^y restricted to the preferential channdb 
so that the propelling force of the arterial pressure through them is sufficient to 
enhance a rapid flow in the collecting venules. The rapid venous flow favors 
drainage into the venules from the true capillaries in which inward filtration is 
thereby accentuated. 

We may recapitulate the influence of vasomotion on the effectiveness of the 
hydrostatic and of the colloid osmotic pre^ures in the different respcms of the 
capillary bed. Variations in vasomotion are of two sorts: first, alterations in 
the rate of the intermittent caliber changes of the thorou^are channel and, 

■ ■■■ ' I ■■■■■ , ■ I ■ 

M. E, Krahl, R. E. Lee and B. E. Lowensttin, published and being published in the Am. J. 
Anat., Am. J. Physiol., ATmula of Surgeiy, Prw. Esper. Biol, and and Surgeiy, Qyneo. 

and ObeFtetrics. Much of the work was presented in the periodic reports sent to the 
Conmiittee on Medical Research of the O. S. R. D. and to the subcommittee on Aviation 
Medicine of the National Research Council during the years of l&ll to 1946. 
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second, alterations in the relative duration of the constrictor and the dilator 
phases of the precapillary sphincters. The most effective hydrostatic pressure 
occurs in the thoroughfare channel along the length of which the onward flow 
is fairly constant and rapid. Moreover, the rate of vasomotion of the channel 
determines the rate of venous outflow from the bed by its influence on the inflow 
from the postcapillaries which lead into its venous end. 

The colloid osmotic pressure should be most effective in the network of true 
capillaries for absorbing fluid from the tissue. However, its effectiveness is 
variable and depends upon shifts in the hydrostatic pressure conditioned by 
the rdative duration of the succesuve constrictor and dilator phases of the 
precapillaiy sphincters. The consequent periods of flow and of no flow in the 
true capillaries constitute a mechanism whereby the colloid osmotic pressure 
is periodically greater than the hydrostatic pr^sure. The existence of varying 
pressure conditions was inferred by McMaster (28) who demonstrated the 
intennittency of fluid uptake in the subcutaneous tissue by inserting a micro- 
pipette into the skin. 

Finally, the hydrostatic pressure in the thoroughfare channds also depends 
on the vasomotor activity of the terminal arterioles outside the capillary bed. 
This activity of the terminal arterioles tends to maintain the hydrostatic pressure 
in the thoroughfare channeb at a constant level despite fluctuations in the 
systemic blood pressure. The arterioles accompli^ this by undeigoing con- 
striction when the arterial pressure rises, and by dilating when the pressure 
falls. Under certain conditions the arterioles can be affected, e.g., after an 
intravenous injection of fever-producing toxins (unpublished data). The 
arterioleB then become dilated whUe no diange occurs in the normal rhythm of 
the vasomotion of the thoroughfare channels. This phenomenon is accompanied 
by hemoconcentration made evident by dose packing of blood cells in the col- 
lecting venules. The following mechanism is suggested for this condition. The 
dilated arterioles permit the blood to enter the capillary bed under an increased 
head of pressure. At the same tune Ihe maintenance of the normal periodidty 
of the vasomotion favors the flow throu^ the thoroughfare channds. This 
produces an excessive outward filtration as a result of the increased pressure in 
the channel. On the other hand, the true capillaries maintain their normal 
inteimitteouy with no corresponding increase of inward filtration. The result 
is that the overall balance favors outward filtration with consequent hemo- 
eoncentration. 

It is also po^ible to have hemodilurion with no change in the vasomotion. 
This occurs when the head of pressure entering the capillary bed is dgnificantly 
reduced. Such a rituation occurs immediatdy after the onset of bleeding in 
acute hemorrhage. The larger arteri^ and arterioles undergo wide^read 
vasoconstricfion to compensate for the suddenly reduced blood volume. The 
constriction also occurs in the terminal arterioles so that the effective hydrostatic 
pressure in the thorou^are channels is lowered with a consequent reduction 
of outward fiOLtration. However, vasomotion remains active with good venous 
outflow BO that inward fiOLtration is maintained at a normal rate in the true 
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capillaries. This shifts the balance in favor of inward filtration, resulting in 
hemodilution. 

The above phenomena illustrate imbalances in fluid-exchange in the capillary 
bed with no disturbance in vasomotion, the imbalance resulting only from 
changes in the vasomotor acti^nty of the terminal arteriole. There are also 
instances in w'hich a change in the intensity of vasomotion alters the balance 
of fluid-exchange. For example, when the loss of blood during acute hemorrhage 
exceeds two p>er cent of the body weight, the vasomotion becomes accelerated 
with a still further accentuation of hemodilution. This can be explained as 
follows. As the frequency of the vasomotion increases, the duration of the 
constrictor phases becomes prolonged relative to the dilator phases. Con- 
comitant with the long constrictor phas^ vrhich reduce transmission of pressure 
into the side branches there is a progresavely longer x}eriod during which the 
hydrostatic pressure in the true capillaries remains extremely low. As a con- 
sequence, inward filtration and tissue dehydration become still further accen- 
tuated. An additional aid in this direction is the increased frequency of the 
precapiUary sphmcteric contractions, producing a pronounced intermittency of 
the flow through the capillary bed. Moreover, the wavelike miTTriTig action of 
the thoroughfare channel facilitate drainage of the post-capillarie into the 
venous circulation. 

We have been considering instance in which either the vasomotion or the 
state of contraction of the feeding arteriole can be affected separately. When 
both are suspended simultaneously, edema results. A cessation of vasomotion 
together with a dilated state of the feeding arteriole flu^e the entire bed, 
r^ulting in excesave outward with little or no inward filtration. 

In summary, deficiency or absence of the vasomotion shifts the balance of 
fluid exchange in favor of outward filtration while enhanced vasomotion shifts 
the balance to inward filtration. Thus, the hemodynamic relations of vasomo- 
tion and the forces set up by movement of fluid through one or anothm* of the 
vascular components of the bed must be regarded as of major significance in 
affecting fluid exchange between the blood and tissue. It follows that some 
types of edema are the result of disturbances in the vasomotion mechanism 
and do not necessarily involve alterations m the permeability of the capillary 
wall. 

A list of the factors which influence vasomotion is of inter^t in this discu^on. 
Enhanced vasomotion occurs mth acute hemorrhage, sympathetic stimulation, 
intravenous administration of adrenalin, of angiotonm or of adrenal cortical 
extract. Diminished vasomotion occurs with a rise in temperature within 
viable limits of 37.5 to 41 °C, decrease in tompeiatuie, direct trauma, increased 
vital activity (muscular exercise, secretory activity, etc.), or elaboration of 
vasodepr^sor principles following prolonged anoxia. Many agents which 
have been found to increase capillary circulation do not necessarily depress 
vasomotion. Among these have been found histamine, adenylic add, adenosine, 
IrallilrTRin and acetylcholine (unpublished data). 
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Vasomotion and ltmph flow. There is an intimate relation between 
vasomotion and the rate of lymph flow in the terminal l 5 rmphatic channels. 
This was studied in the mesentery of the cat, dog, mouse and rat During the 
resting state of a tissue the vasomotion is active to the extent of producing 
relative ischemia, and little or no flow of lymph can be discerned in the terminal 
lymphatics, '^fhe absence of an active flow throughout the bed makes the 
lai^e surface fuinished by the true capillaries available for inw'ard filtration and 
leaves no excess in the tissues. 

On the other hand, during the active state of a tissue the vasomotion becomes 
diminished so that an overall, hyperemic flow is favored. This is accompanied 
by an appreciably increased flow of lymph in the te rmi na l lymphatics. The 
prolonged periods during W'hich the pmcapillarj' sphincters remain dilated 
fa\'oi outw ard filtration in the tnie capillaries Edema is preventerl only by an 
absorption ot fluid into the lymphatic capillaries 

Gradient of permeability. Starling*R (29) stimulating concept of fluid 
transfer between blood and tissue is undoubtedly true as an overall aspect of the 
phenomenon. According to this concept outw'arJ filtration occurs where the 
hydrostatic pressure is greater than the colloid osmotic pressure of the blood 
w'hile inward filtration occurs where the conditions of pressure are reversed. 
Difficulties arise when one attempts to allocate specific regions in the capillary 
bed where outw'ard and inw’ard movements of fluid occur. According to 
Starling’s postulate, the wall of the capillaries throughout a given tissue possesses 
uniform characteristics of permeability. Fluid transfer under physiological 
conditions w'ould then depend solely on pressure relationships of hydrostatic 
and coUloid forces. 

Landis (27, 30, 31, 32, 33) in his w'ell-known mici’omanipulative determinations 
of capillary blood pressure, found considerable variation in the values obtained. 
By averaging the pressure readings, he foimd that those from the arterial side 
of the bed fended to be significantly higher, and that those from the venous 
side of the bed were low^er than the known colloid osmotic pressure of the blood. 
He concluded that outward filtration of fluid and its absorption through the 
ivall of the capillaries is a fimction the observed intracspillary pressure. 
Confirmatorj' findings were obtained by Gordon-K5niges and Ottd (34) from 
their micromanipulative experiments on the capillaries of the intestinal \'illi 
of the cat. They found that the fliow in the lacteal of the villus was coirrapond- 
ingly greater the higher the capillary blood pressure. 

Landis takes the ^iew that the preponderantly higher blood pressures obtained 
by him among the capillaries in the arterial regions of the bed in the frog’s 
mesentery, indicate that outward filtration, on the average, occurs in the arterial 
region of the bed wMlo absorption (rf fluid from the tissues occurs in the venous 
capniaries where the average hydrostatic pressure tends to be lower than the 
oolldid osmotic pressure of the blood. He obtained evidence in support of this 
from the mgenious experiment of pladng the blunt end of a micro-rod across a 
flowing c{^[^aiy so as to ocdude its lumen locally and obstruct the flow. He 
obtained values for the pressure in the arterial end of the capillary proxiznal 
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to the obstruction indicating that it had assumed the value of that of the vessel*' 
which had been flowing into it, while the pressure distal to the obstruction fell 
to a minimum and acquired a value corresponding to the vessel flowing from 
it. The crowding together or the moving apart of the corpuscles in the two 
s^ments of the capillary, taken by him to indicate outward or inwaid filtration, 
was consistent with the d^ree of pressure he recorded in relation to the known 
colloid osmotic pressure of the blood. The procedure of occluding the capillaiA 
with a micro-rod requires very careful technique because of the extraordinarj* 
ease with which daim^e maj' be inflicted, causing an abnormal increase in 
porosity of the wall in the obstructed region. Fiudhermore, it is obvioiLs that 
the pressure conditions induced by the obstructing needle do not necessarily 
prevail in the same capillary when the obstructing needle is not there. ATe 
have obtained similar results with capillaries irrespective of the position of the 
capillary in the capiUaiy’ bed provided the capillary exhibits a good flow prior 
to the placement of the obstructing needle. 

In his 1926 paper (cf. 33) Landis dwtinguished between the capillaries which 
are in more or leas direct relation with the finest arterioles and the venous capil- 
laries which merge to form the venules. He noted particularly that the capil- 
laries, where they spring from the arterioles, are naiTow and at times exhibit 
“sht-like openings”. He remarked on the conditions at the arteriole-capillary 
junction as being related to his observed “rather sharp reduction in the pulse 
pressure on passing from the arteriole to the capillary”. The junctional regions 
of these capillaries are doubtless the vessels w'e have termed the precapillaries, 
possessing muscular sphincters, and Tvhich we have d^ribed as springing both 
from terminal arterioles and from the periodically constricting proximal portion*- 
(metarterioles) of the thoroughfare channels. 

The question now arises as to the r^onal distribution of the vessels in the 
capillary bed which are concerned with the outward and those ■with the inward 
transport of fluid across their walls. Bous, Gilding and Smith (35), aiguing 
from the more rapid escape, at the venous end of the capillary bed, oi dyea 
introduced into the blood stream, claimed that the porosity of the vessel at 
the venous was greater than at the arterial end and that outward filtration also 
occurred there. 

Landis (36) dismisses the possibility that the diffusion of dyes is always a 
dependable measure of the direction and rate of fluid transport since diffusion 
may conceivably occur in the opposite direction to fluid flow. DanieUi, in 
support of the Starling theory, has offered the hypothetical explanation that the 
observed accumulation at the venous end is due to the reabsorption of fluid 
leaving behind whatever dye has escaped. 

The suggestion is made here that the introduction of a concept regarding the 
capillary bed as possessing a pattern of specialiEpd units of fimction built about 
the thoroughfare channels may bring into harmony the seemingly divergent 
pdnts of view held by Landis and by Bous and his co-workers. 

According to our view the thoroughfare channel is pre-eminently the ate 
for outward filtration while the true capillaries, which branch off from the 
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channelB (as outflowing vessels at the proximal and as inflowing at the distal 
end of the channd), serve largely for inward filtration especially during the 
resting stages of the tissue involved. 

Landis himself commented on the great variability of the values in his recorded 
capillary pressure readings. He stat^ that the pressures differed not only in 
different capillaries comii^ from the same arteriole but also in the same capillary 
from moment to moment. On the average, the more rapid the flow in a given 
capillary the higher was the recorded pr^sure. This variability may be ac- 
counted for, at least in part, by the periodic opening and closing of the pro- 
capillary sphincters. The conditions affecting this acti^uty in ischemia and 
hyperemia are discussed elsewhere in this article. 

The findings of Smith and Dick (37a) are of interest in this r^ard. They 
introduced into the circulation a continuous stream of glucose immediately after 
an intravenous injection of Chicago blue 6B, a poorly diffusible colloidal dye. 
They found a great increase in the plasma volume, indicatiug passage of fluid 
from the tissues to the blood. Despite the evident dehydration of the tissues, 
they observed that Ihe accumulation of the dye outside the capillary blood 
vessels occurred in the same venous r^ons as described by Smith with Kous 
and others. They^ concluded that the movement of fluid from the tissues to 
the blood does not essentially alter the gradient of vascular permeability. 
Moreover, their findings have l^en int^preted as meaning that outward diffusion 
of dye and inward filtration or absorption of fluid can occur simultaneously in 
the same vessels. 

This raises the issue regarding diffusion of a dye against a current of moving 
fluid. In OUT obsen'^ations the diffusion of dye outward through the wall of the 
thoroughfare channel is too rapid to permit any other assumption than that 
the dye is being carried with the stream of the fluid in which it is suspended. 
In the words of McMaster and his associates (37b) concerning dyes in aqueous 
solution “where water goes they may be expected to go, unless their molecules 
are large enough to be held back selectively by the membrane”. 

We may now consider the alternative that the influx of fluid occurs in a 
r^on of the capUlaiy bed other than that from which the dye was escaping. 
According to our findings, the inflow of fluid which makes for hemodUution 
occurs in the true capillaries where the hydrostatic force is generally insufficient 
to drive fluid out. In the case of Smith and Dick’s experiments the hypertonicity 
of the sugar solution would increase the effectiveness of the coUoid osmotic 
pressure of the blood in absorbing fluid into the true capillaries. At the same 
time the escape of dye would continue along the thoroughfare channels which 
are increasin^dy porous along their distal portions and which evidently maintain 
sufficient hydrostatic pressiue to overcome the effect of the hypertonicity induced 
by the sugar solution. 

The accompanying diagram (fig. 1) presents three concepts r^arding fluid 
movement in the capillary bed. 

The capillary bed is represented as a tube passing from a, the artery, to v, the 
vein. The arrows show the direction of blood flow and of fluid movement 
across the capfllaiy wall. 
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X presents the concept of Rous and his associates in "which the arrows only 
apply to the preponderancy of dye-escape at the venous end. 

Y presents Starling’s concept as demonstrated and amplified by Landis from 
his capillary blood-pressure determinations. In this, the fluid movement is 
predominatingly outward at the arterial end and inward at the venous end. 

Our concept combines X and Y. X represents the thoroughfare channels 
in which outward filtration occurs tc^ether with the phenomenon of vasomotion. 
which intermittently opens and closes the precapillary sphincteric offshoots. 
The latter lead into Y, the true capillaries, in which the inward and outward 
filtration of fluid depends on continuaily occurring variations in the capillary 
blood pressure produced by the vasomotion of the sphincters. Toward the 
venous end the variability of pressure shifts to favor inward filtration or ab- 



!Elg. 1. Presenting three concepts regarding fluid mov-ement in capillary bed. 

sorption. The post-capillari^ widen as they join the distal portions of the 
thoroughfare channels at an acute an^e in such a manner that the blood in 
them is drawn into the channel analogous to the way that a vacuum jet operates. 

Variations from the third sketch, X and F, do occur, e.g., the precapillaries 
frequently lead off directly from terminal arterioles and the post-capfllaries 
may lead directly into typical venules. However, the functional feature is 
the same, i.e., the intermittency of action of the precapillary sphmcters and 
the peculiar arrangement of the post-capillaries. Fluctuations of pressure in 
the post-capillaries may occur from the occasional development of a significant 
venous back-pressure. Such fluctuations may change the direction of movement 
across the capillary wall. 

The gradient of permeability in the thoroughfare channel seems to r^rraent 
a gradation in the liTniting dimensions of title pores along the wall of the vessel. 
This is indicated by mtroducmg dyes of graded particle me into the carculation 
and noting their escape along the channel. The results have warranted the 
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condusion that there is a gradual increase in the relative number of the larger 
pores toward the end w'here the blood is most venous. 

The expeiimedts of experimentally re-routing the venoys blood indicate that 
the size and number of pores is a variable feature (38). 

The direction of the gradient can be upset e^qperimentally. By compression 
of appropriate channels with a microneedle, the flow through tiie capillary 
bed was reversed. After a short period of time a new gradient was established, 
an increasing porosity now becoming evident toward the original arterial side 
of the capillary bed. Thus, whan blood from the venous vessels was re-routed 
back through the thoroughfare channel, a marked increase in the porosity of 
the vessel wall occurred, colloidal dyes such as T-1824, to which only the venous 
end is normally permeable, now pasdng out along its entire length. The 
gradient, therefore, appears to be a result of some factor in venous blood and 
not due to peimanent, structural differences in the vessel wall. 

A gradient of porosity is also of a%Qi&cance in the passage of water through 
the capillary membrane. The diameter of the pore is of prime importance 
since any increase in diameter affects the magnitude of the flltration to the 
second power of the diameter. Therefore, changes in hydrostatic pressure 
should cause a proportionally greater increase in outward filtration of water 
on the venous side where the pores are larger than on the arterial side. We 
find the gradient of porosity to be exduavdy along the thoroughfare channels 
through which, from their arterial to their venous ends, the flow of blood is 
relatively rapid and along which outward flltration occurs. The existmce of a 
gradient of porositj’^ in the capillarj” bed must be taken into account in considering 
the elect of hydrostatic pressure on the outward filtration of fluid. 

Scr&nf.moN of significance of vabomotion. Attempts in the past have 
been made to offer precise quantitative support for Starling’s hypothesis of 
fluid exchange in the capillary bed. Landis has pr^ented calculations in- 
dicating a precise counterbalance between capillary hydrostatic and colloid 
osmotic pressure, the loss of fluid on the arterial side bdng compensated for 
by an equivalent intake of fluid on the venous side. 

In the present review, the basic oonc^t of Starling’s hypothesis remains 
unchanged. Ho^vever, the balance fluid exchange is considered to be 
maintained not so much by a direct interplay of hydrostatic versus colloidal 
pressures as by delicate vasomotor adjustments which intermittently increase 
or decrease the surface area over which on effective hydrostatic pressure produces 
outward filtration. 

Inward flltration is accomplished pnznorily by osmotic uptake. The effective- 
ness of this mechanism, however, is directly depwxdent upon and is reinforced 
by the action of hemodynamic forc% mmntAining an adequate venous outflow 
from the capillary bed. Keys and co-work^ (39) and Halli and her co-workers 
(40) found that edema can occur vnth no concomitant reduction of the plasma 
prot^s in the blood. Such data indicating the relative ineffectiveness of 
colloid osmolao pressure for prevenlang fluid loss from the capilloiy oircnlation 
emphaoze the importance of factors other than the interplay of hydrostatio 
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vs. osmotic pressure in maintaining normal fluid exchange between the blood 
and the tissues. Their findings may be explained either by the assumption 
that the permeability of the capillarj’’ wall is so affected as to cause the loss of 
whole plasma, or that the loss of non-protein fluid in one region, e.g., the abdomi- 
nal cavity or dependent paints of the extremities, is coimterbalanred by an uptake 
of similar fluid from another r^on, e.g., skeletal muscle. 

Nervous control op c.vpillart pebmeabilht. It was claimed by Engel 
(41) that the sympathetic system induces an increase in capillary permeability, 
a view opposite to a previous one of GeUhom (42) who presented evidence that 
sympathectomy induces an increase. Engel perfused the vessels of the knee- 
joint of a cat with fuchsin S in Ringer’s solution and found that, although sym- 
pathectomy induced marked vasodilatation, the concentration of the dye in 
the knee-joint fluid was lowered. He ascribed this to a decreased permeability 
resulting from the absence of sympathetic neiwc contiul. Danielli fcf. 9) 
discounted Engel’s findings ns indicating permeability changes and ascribed 
them to a lowered capillary pressure resulting from vasodilatation. Engel’s 
results might more logically be explained by the opening of cross anastomoses 
(AVA) between the larger vessels so that the capillary bed in the particular 
repon he was observing was bypassed by the active circulation. 

Most authors favor GcUhom’s original thesis and have ccmcluded that sym- 
pathectomy produces an increase in loss of fluid from the capillaries. This 
would be expected on the basis of the resulting hyperemia and increased blood 
flow. However, this does not necessarily %nify any specific effect on endothelial 
permeability since the resulting vasodilatation and hyperemia should cause an 
morptmPi in hydrostatic pressure in the capillarj’^ bed. This, together with 
suspension of vasomotion, should greatly favor outward filtration. 

Effbct of agents on CAPHiLART pebmbabujty. The literature conta^ 
many references to the action of a large number d biolc^cal agents in affecting 
the permeability of the capiUaiy wall. A list taken from the more recent litera- 
ture is presented in the accompanying table. Only those investigations are 
listed which deal with finding s purporting to be directly related to the capillaries. 

A commonly used technique (43) is that of observing the loss of dye from the 
blood into the skin during a local inflammatory reaction and noting the effect 
of various locally introduced agents in altering the amount of dye escape. 
Such studies shed little or no light on the mechanism of capillary permeability. 
Agents, such os desoxycorticosterone wjetate, estrogens, and cortical extracts, 
which have been found to reduce the accumulation of trypan blue in an infixed 
area (see table) do not necessarily produce thdr effect by acting on the capillary 
well proper. For example, Rigdon (56) who used this method extensively 
has questioned the significance of the dye accumulation since he found tot the 
stainability of the affected tissue is involved. The inflammatory reaction is a 
complex one, involving such diverse effects as vascular dilatation, endothelial 
damage, changes in the connective tissue matrix, blockage of lymphatic flow, 
stainability of the tissue, etc. The value of such data in clarifying capillaiy 
X)ermeability phenomena is open to question. 
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TABLE 1 


Agents affecting capillary permeabUity 


AGaNT 

AiriBoa 

smcx 

CSnSBION 

Adrenal cortical se- 
cretions 

Swingle et al. (48) 

Maintenanoe of cap- 
illary tone 

Adrenalectomy: in- 
creased permeability 
and capillary stasis 

Adrenal cortical se- 
cretions 

Cope et al. (44) 

Decreased capillary 
permeability 

Adrenalectomy: in- 
creased blood protein 
in lymph 

Adrenal cortical ez- ] 
tract > 

DCA J 

MenHn (45) 

Decreased capillary 
permeability 

Leukotaxin effect of dye 
accumulation in sMn 
was decreased 

Adrenal cortical ] 

steroids > 

Cortico sterone J 

Freed and Lindner 
(46) 

Decreased capillary 
permeability 

Same as above 

Adrenal cortical ex- 
tract 

Shleaer and Freed 
(47) 

Decreased capillary 
permeability 

Peptone effect of dye 
accumulation in sldn 
was decreased 

Adrenal cortical ex- ] 
tract r 

ll-desoxycorticoB- [ 
terone J 

Hyman and Cham- 
bers (48) 

Beduced edema 
formation 

. Decreased weight of 
perfused hind-limbs 
of frog 

DCA 1 

Cortin / 

Graham (49) 

Decreased capillary 
permeability 

1 

Dye leakage by carbon 
arc irradiation of skin 
decreased 

DCA 

Fine and Fisch- 
mann (50) 

No effect on capil- 
lary permeability 

Bate of appearance of 
dye in tissues, disap- 
pearance of wheals; 
effect on albuminuria 

DCA 

Swingle and Bem- 
ington (51) 

Decreased capillary 
permeability 

Increased retention of 
transfused serum in 
adrenalectomised 
dogs 

Estrogens 

Alpha estradiol ben- 
aoate 

Hechter et al. (52) 

Bigdon and Chris- 
man (58) 

Increased capillary { 
permeability in 
uterus and vagina 
No effect 

Increased concentration 
of dye in tissues 

Xylol effect of local ac- 
cumulation of dye in 
skin unchanged 

Vitamin D 

^ver et al. (64) 

Decreased permea- 
bility with high 
doses 

Decrease in disappear- 
ance rate of T-1824 
from blood 
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TABLE 1 — Concluded 


Msam 

AUXBOS 

xmcx 

CUXEXIOW 

Tissue extract 

Higdon (55) 

Increased capillary 
permeability 

Local injection induces 
accumulation of dye 
in skin 

Leukotaxiii 

Menkin (56) 

Increased capillary 
permeability 

Local injection induces 
accumulation of dye 
in skin 

Spreading-factor 

1 

1 

Increased capillary 
permeability 

Local injection induces 
accumulation of dye 
in skin 

Histamine 

Hoche e Silva and 
Dragstedt (58) 

Increased capillary 
permeability 

Local injection induces 
accumulation of dye 
in skin 

Histamine 

McCarrell and 
Drinker (59) 

Increased capillary 
permeability 

Inoreased blood protein 
content of lymph 

Histamine 

Stead and Warren 
(60) 

Increased capillary 
permeability 

Decreased protein in 
venous blood 

Histamine 

Hechter (61) 

Inoreased capillary 
permeability 

Local dye accumulation 
unaffected by adrenal- 
ectomy 

Acetylcholine 

Qordon-EBniges 
and Ottd (84) 

Increased capillary 
permeability 

Increase of lymph in 
lacteal of viUiu fol- 
lowing dilatation of 
arterioles and in- 
oreased capillary pres- 
sure 


Other studies have used the appearance in the tissue of agents, the concen- 
tration of which can be measured, as an indication of permeability changes. 
Lange (62) measured aldn huor^cence by a photometer after intravenous 
^ection of sodium fluorfficm. He found a decreased rate of dye accumulation 
in the hTHti under conditions such as myxedema. This dye is fredy diffusible 
through the normal capillary wall. Evidence of increased fluorescence in the 
alrin under experimental or patholc^cal conditions may merdy indicate an 
increased blood flow through the tissue with no actual increase in the permeability 
of the capillary wall to the dye. 

A HiTnilftr criticism can be made of experiments on the permeability of radio- 
active ions. Experiments with radioactive proteins (Fine and Seligman, 63; 
Cope and Moore, 64) diould be of greater rigzuflcance since proteins are normally 
retained by the ca^nllaiy wall. The experiments of Fine and Seligman, which 
were performed on dc^ in irreversible shock, indicated no outward leakage of 
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the radioactive proteina. Oii the other hand, Cope and Moore found an in- 
creased loss of radioactive colloida into the lymph follo'fting bums. 

Of the various biological agents investigated, histamine and adrenal cortical 
extrects are of special interest. It has been claimed that histamine increases 
capillary permeability while the cortical extracts reduce it. 

Histamine. The pioneer work of Lewis (65) and of Lewis and Orant (66) 
indicate that histamine-like substances produce a triple vascular response 
terminating in the marked e.xudation of protein-containing fluid from the capil- 
laries into the tissues. Histamine, inti'oduced into the skin, produces both 
arterial dilatation and damage to the capillarj*^ endothelium. In our esperiments 
we found that histamine, introduced dther locally into the mt^ntery with a 
micropipette or systemically by intravenous injection in concentrations not 
affecting arteriolar caliber, had no observable permeability effects (judged by 
dye exudation, stasis, etc.). Application nith a micropipette in concentrations 
which produce dilatation of the arterioles also had no obserx'able effects. Per- 
meability changes were obtained only when concentrations were used high 
enough to produce actual endothelial damage, i.e., extravascular loss of normally 
retained Evans blue, sticking of carbon, swelling of indi\ddual endothelial cells 
and an abnormal disten ion of the capillaij' wall. To what extent histanodne 
plays a r61e in normal permeability changes is stiU open to question. 

Other experiments indicating a permeability-increasing effect of histamine 
have relied upon the loss of materials from the blood, e.g., proteins, which are 
normally retained within the capillai'y. This was detected by analysing the 
lymph fluid, the venous blood from affected regions or the fluid in various body 
cavities. Obviously, damage to the endothelium, such as occurs with excessive 
concentrations of histamine, will produce abnormal leakage not only of plasma 
but of blood cells. 

In many cases the extravascular loss of protein can be explained equally 
well by vascular mechanisms other than increased capillary permeability. 
In this r^ard two techniques can be conridered, that used by McCarrell and 
Drinker (cf . 69) and that by Htead and Warren (cf. 60). McCarrell and Drinker 
used changes in the constitution of the lymph of a particular region as an index 
of blood capillary permeability. They found that histamine shock produced an 
increase of protein in the lymplu Such an occurrence has a possible explanation 
from the finding of E. R. Clark (67). Clark noted that the application of 
pressure or increased tempemture caused the passage of whole blood through 
the wall of venules directly into conti^ous terminal lymphatics. This might 
be sufficient to explain the increase in protein content of the lymph without 
postulating an increase in capillary peimeabiliiy per se. Stead and Warren 
determined differences in the contents of arterial and venous blood from affected 
areas. Th^ noted that an injection d histamine (0.5 mgm.) into the brachial 
artery caused a decrease of the protdn content of the venous blood of the same 
axm. ThiBfindiigmayb6interpret»lasaneffectof the peculiar type of vascular 
reaction caused by histamine. Histamine produces arteriolar dilatation and 
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increases the blood flow through the capillary bed but it does not abolish vaso- 
motion of the precapillary ^hincters. This condition produces an excess of 
blood flow through the thoroughfare ftha-miAla accentuating outward filtration 
all along their course. Normally, only a amount of protein escapes 
from the venous portion of the channd. However, the increased hydrostatic 
pressure produced by histamine could be expected to lead to a greater leakage 
of protein in this r^on. Concomitantly, the true capillaries, which nnamt.fl.in 
their normid intermittent circulation because of the persistence of the pre- 
capillary sphincteric action, continue to perform their function of inward filtra- 
tion undisturbed by the histamine. These two reactions would e^^lain the 
lower protein content of the venous blood. 

Adrenal cortical extracts. Much indirect evidence hfla accumulated to indicate 
that cortical extracts have a counteracting effect on the increase in capillary 
permeability produced by mmy noxious agents. Furthermore, in adrenal 
cortical insufficiency an increase in permeability is indicated by a pathological 
disturbance of fluid-exchange in favor of outward filtration and the production 
of a marked hemoconcentration (cf. 43). The question remains as to whether 
the observed effects are to be explained by the regulatory action of the cortical 
hormones on the distribution of blood to the tissues or whether tiiese hormones 
serve to maintain the structural integrity of the caplUaiy waU. 

Hechter (cf. 61), by applying histamine through a stab in the skin of rats, 
observed no difference between normal and adrenalectomized rats in the extra- 
vascular loss of trypan blue mto the r^on. Cope and co-workers (cf. 44) 
obtained an increased prot^ content in ihe cervical lymph of adrenalectomised 
dogs. They claimed this to indicate an increase in permeability of the Hood 
capillaries to protein. 

We have found, by direct observation of the capillary circulation, that bilat- 
erally adrenalectomized rats (48 to 96 hrs. post-operative) show no visible 
iterations in the endothelial waU. Fatholc^cal changes of the capillaiy wall 
were detected only just prior to drculatory collapse preceding death. It is 
known that adrenalectomy induces the deviopment of hemoconcentration. 
This might indicate increased capillary permeability. However, the excessive 
lose of fluid from the circulation can be explained equally wdl by an alteration 
of the hemodynamic relations of the capillary bed. We have found that adre- 
nalectomized rats soon develop an atonic state of the peripheral arteries and 
arterides and, subsequently, a cessation of vasomotion in the capillary bed. 
The resulting derangement of the capillary Hood flow is one whidi favors out- 
ward filtration. The failing vasomotion and the consequent inadequate venous 
return, leading to increasing back pressure in the capillary bed, could account 
for loss to the tissues not only of water but also of proteins without ccnsideiing 
that the integrity of the capiUory wall has been impaired. 

In the present artide no attempt has been made to cover experimental findings 
dealing with the physiology of the more highly specialized components ofthe 
peripheral vascular apparatus, such as those dealing with temperature-i^plating 
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mechamsms in the skin, special secretory barriers such as are obtained in the 
braia and complex structures observed in the liver and spleen, or in the bat’s 
■wing. 

Although much has been -written on permeability-changes in the capiUaiy 
bed, most of the findings are laigely inferential and only a few are based on 
direct observations of -tJie vessels. Many of the findings are significant but, 
tmtil the actual site of their action is ascertained, cannot be used for an under- 
standing of the mechanisms involved. 

The fact must be appreciated that the capillary bed has a highly specialized 
organization -the several components of which maintain a delicately adjusted 
functional balance between reactions of central and local origin. The dominance 
of a central control -tends to be countered by local autonomous control. Along 
with this ever-shifting balance of the hemodynamics are possibilities of physico- 
chemical changes m the composition of the several different structures which 
constitute the wall of a capillary. The action of specific agents on one or more 
of the various components, structural and chemical, requires further intensive 
study. 

Unless adequate* precautions are taken and direct observational work is 
adhered to, it is generally impossible to differentiate between the effect of shifts 
in hemodynamic relation^ps, changes in functional permeability of the wall 
of capillaries, or actual disruptive leakages of the vessels. Most of the data in 
the literature deal with oversdl changes involving one or more of the above 
phenomena. Their phyaological agnificance with respect to the control of 
capillary permeability will remain obscure until the site of action of the various 
agencies can be determined. 
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SOME PHYSIOLOGICAL EFFECTS OF CURARE AND THEIR 
APPLICATION TO CLINICAL MEDICINE 

A. R. McIntyre 

Department oj Physiology and Pharmacology^ University of Nebraska, 

College of Medicine, Omaha 

The revival of mterest in curare and the important place it has lately won in 
medicine and surgery is likely to obscure the fact that the study of South Ameri- 
can arrow poisons was among the earliest of toxicological investigations. It weis 
largely out of these studies that modern physiology took root and grew. The 
complex story of the history, botany and chemistry of the curares is remarkable 
and has interested physicians for centuries. Unfortunately it will not be pos- 
sible to enter into a discussion of th^ matters here; they have, however, re- 
cently been described in detail elsewhere (1). 

It is the purpose of this review to present the gist of to-day’s knowledge of the 
physiology and pharmacology of curare, to outline some of the implications of 
this knowledge regarding neuromyic transmission and to describe the practical 
application of this drug to clinical usage. It should first be pointed out, however, 
that a large variety of South American arrow poisons are indiscriminately re- 
ferred to as “curares,” many of which differ markedly in composition. Compara- 
tively little experimental work has been performed with the pure alkaloids ob- 
tainable from them, and of these, only two have been widely used. These are 
curarine, a potent amorphous alkaloid of unknown chemical structure isolated 
by Boehm (2), and d-tubocurarine, a bisbenzylisoquinoline compound first ob- 
tained in a pure state from tube-curare by King (3), who worked out its chemical 
structure. Subsequently d-tubocurarine was obtained by Wintersteiner and 
Dutcher (4), of the Squibb Institute, from Chondrondendron tomcvtosiim, a 
member of the Meniaperm or moonseed family, and this alkaloid, accordingly, 
has been rendered readily available for experimental work. Almost all the 
clinical work vith curare during the last seven years has been performed with 
Intocostiin, a partially purified and biologically standardized solution of certmn 
varieties of crude curare; the precursor of this preparation was first prepared in 
the author’s laboratory. 

The claesical effect of curare. In spite of the enormous amoimt of experimenta- 
tion performed during the ninety yeora which have elapsed since Claude Bernard 
(5) wrote, “Le Curare, qui andanit I’action nerveuse sur les muscles, conserve au 
contraire plus longtemps la contractility musculaire. Preuve que ce sont l^b 
deux actes bien diatincts,” the exact mode of action of curare remams a matter 
of dispute. The locus of action is generally agreed upon and is thought to reside 
in the somewhat ill-defined r^on where nervous tissue ends and muscle tissue 
begins. The question as to curare’s mo(k of action will, of course, remain a bone 
of contention until there is complete agreement among physiologists and phar- 
macologists concemix^ the modui operandi of neuro-muscular transmiasionu This 
is not the place to plead the cause of mther of the two chief theories of indirect 
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excitation of muBcle, but rather to examine how well the established facts con- 
cerning curarization fit the theories. Quite understandably, Claude Bernard’s 
localization of the point of action of curare at the neuromyic junction focussed 
attention of investigators on this region and it was Bernard’s pupil, Ktlhne 
(6), who scrutinized nerve endings minutely in an effort to find answers to the 
yet unanswered questions concerning curare’s exact pharmacological action. 
Out of Ktihne’s work came a knowledge of the anatomy of the motor nerves and 
their peculiar endings now known as “motor end-plates.” It was foimd that in 
the lizard, during life, the motor end-plates were thin, translucent and almost in- 
visible but, after death or after the application of strong curare solutions, the plates 
became more opaque and clearly visible. Since the days of Ktihne a large 
number of investigators ha^ examined the motor endings in many species. 
There is much variation in these structures and in some varieties of frogs there are 
no large tenninal plates, the motor nerves “run into the muade” with a few small 
knob-like structures scattered along their terminal twigs, thus Langley (7) 
maintaiaed that in the frog there was no evidence of the presence of any tissue 
which could not be identified with certfunty as either nerve or muscle. Most, 
but not all, investigators (8) ore agreed that high concentrations of curare will 
cause changes in the appearance of motor nerve terminations. Recently Carey 
(9) has described many interesting effects on the motor end-plates, not only as 
the result of the application of strong curare solutions but also follo^ving electro- 
cution and poisoning wth carbon monoride, tetraethyl lead, and prostigmine. 
Some experimenters have reported that, vith lower concentrations of curare, 
morphological changes in the end-plates of curarized muscle ore not found, and 
King and Willard (10) using d-tubocurarine in adequate concentrations to 
produce curarization, could find no change in the appearance of the motor end- 
plates; it was not possible for them to differentiate, from their histological ap- 
pearance, which specimens were curarized and which were not. Accordingly, 
whUe it is undoubtedly true that curare and other poisons are capable of affect- 
ing visible changes in the cnd-plates, these changes are not necessarily specific 
for curarization. Furthermore, these changes have not, as yet, been demon- 
strated to be reversible. 

Langley’s conclusion from experiments in tlie fiist few yesirs of the present 
century are hardly reconcilable with the theory that curarization is brought 
about by an effect on the motor end-plates. It will bo recalled that he foimd 
that, in denervated muscle, nicotine will cause contractions, and he showed that 
these nicotine-provoked contractions are preventable by curare. As mentioned 
above, Lor^ey found that in the fre^ there is no difficulty in deciding ‘which 
tissues were nerve and which tissues were muscle. Hence, in a denervated prep- 
aration, the effect of curare was evidaitly on muscle-tissue itself. Langley’s 
extensive experiments with curare and other drugs led eventually to his “re- 
ceptor” theory of drug action and his work was an important factor in the sub- 
sequent acceptance, by many, of the chemical transmitter theory. However, 
the concepts of Elliot, Dixon, and Loewi were needed before the chemical trans- 
mission theory of neuromyic transmission was extended to striated muscle by 
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Dale and his co-workers. In the meantime the work of the Lapicques em- 
phasized the electrical aspects of excitability. An electrical transmission mech- 
anism is implicit in their theories and their work strongly influenced physiological 
thought concerning neuro-muscular physiology for many years. 

Assuming for the moment that neuromyic transmission is accomplished simply 
by the shift in electrical potential accompanying the nerve impulse — curariza- 
fion could then be due either to a suppression, partial or complete, of nerve 
impulses at their terminals, or to a change in the muscle brought about by curare 
which results in a raised electrical threshold. Obviously there is considerable 
difficulty in determining whether or not the ultimate terminals of motor-nerve 
conduct impulses. Kflhne^s (11) well known attempts to solve this question by 
the use of the branching motor-nerves in the frog’s gracilis muscle which enabled 
him, by means of a lon^tudinal cut, to divide the muscle in such a manner that 
one portion could be soaked in “strongest curare solution” while the other por- 
tion remained free of curare, convinced him that the motor nerves, including their 
endings, were entirely unaffected. Unpublished investigations made in the au- 
thor’s laboratory have shown that d-tubocurarinc in concentrations up to 
a hundred times greater than those neeeffiary for curarization, are powerless to 
affect nerve-conduction in the frog sciatic, this was true after 18 hours* exposure 
of the nerve to the poison — but it has not yet been definitely shown whether or 
not curare in some way prevents the spread of the impulse from the axon over 
the terminal surface of the nerve. Huffier (12) has reported espeiimonts that 
show, following the application of curare to the myo-neural junction, a pro- 
gressive decrease in the end-plate ^ike-potential. He points out that unless the 
leads are placed in close proximity to the end-plate region it is not possible to 
detect this diminution. As Huffier himself remarks, “it would be of interest 
to know the threshold e.p.p. required for a propagated impulse.” It is impor- 
tant to observe that the end-plate pot«itial is depressed, not abolished, by curare. 

The second postibility, that curare raises the electrical threshold of muscle, 
brings us at once to the much disputed theory of Lapicque. It is unnecessary 
to discuss this theory at length, nor is it necessary to present the view's of La- 
pioque’s opponents. This dispute has been reviewed in tto journal by Davies and 
Forb^ (13). It will suffice to say that neither the doctrine of isochronism for 
normal nerve and muscle nor the belief that heterochronism exists in curariza- 
tion is acknowledged universally. This should not be allowed to detract from 
the usefulness of Lapicque’s concept of chronaxie, nor should it be foigotten 
that Lapicque’s theory of curarization (14) has been of great value in stimiflating 
investigationB in nerve and muscle phyaology during most of the first half of 
tiiis century. However, in view of the divergent views regarding the strength- 
duration curves of muscles and their motor nerves, and the many disagreements 
regarding the validity of the various techniques employed, (for details of which 
see the review by Davis and Forbes referred to above) it is obvious that any 
theory of cuiaiization based on change in decirical threshold of muscle is likely 
to meet with much justifiable eritioism. 

According to proponents of the chemical tbeoiy of neuromyic transmission, 
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Gurarizaition rosults either from faJluie of production of transmitter or from 
failure of the transmitter to fLccomplish^its normal*effect upon muscle. There is 
no evidence at all for the former but considerable evidence for the latter view. 
This evidence is as follows: Dale and co-workers have shown that muscles per- 
fused with physiological solutions, when stimulated by their motor nerves, either 
before or during curorization, liberate an acetylcholine-like substance into the 
perfusate (16). In the writer’s laboratory we have succeeded in showing that, 
in the eseiinizcd dog, the venous blood from muscles, stimulated by their motor 
nerves, both before and during curarization, contains a substance capable .of 
stimulating rabbit gut in vitro and arresting the perfused frog heart. These 
effects on the rabbit-gut and frog-heart by the venous blood are prevented by 
atropine. The substance contained in venous blood from stimulated muscles 
was found to differ in its effects upon the test tissues from those caused by excess 
potassium; thus in control experiments the effects of eserinized venous muscle 
blood, to which potassium was added, were compared with the effects obtained 
with those of eserinized blood obtained from stimulated muscles, the effects of 
the latter were more readily abolished by atropine than those of the former (16). 
Further evidence that curarization cannot be explained on the basis of failure 
in the production of the transmitter is provided from eiqieriments in which 
acetylcholine is injected directly into an artery. As is well known, musde- 
controctions closely simulating those obi^ed by stimulation of the motor nerve 
may thus be obtained. Following the injection of curare subsequent injections 
of acetylcholine are less effective (17, 18, 19), an observation obviously in^cative 
that the action of curare is one of suppression of the effect of the transmitter 
rather than its failure of production. In denervated muscle the intra-arterial 
injection of acetylcholine readily arou^ muscle-contractions and larger amounts 
of acetylcholine when so injected may cause muscle contracture accompanied by 
electrical rilence. Curare prevents the action of acetylcholine in denervated 
muscles, and d-tubocurarine, when injected rapidly in sufficient concentration, 
is capable of first increasing the fibrillation and may then cause contractures of 
denervated muscle; during the contractures the spontaneous fibrillations ore 
suppressed or abolished, and during this time muscles will not rc^ond to acetyl- 
choline (20). These findings are supportmg evidence for Langley’s belief that 
the site of action of curare is the muscle '‘Sector substance” (see above), and 
prove beyond question that curare exerts an action on muscles in the absence of 
their nervM. 

PkarmMologicdl omiagomsts to curare, Eserine and neostigmine and related 
substances containing a metibiyl-carbanuo ester group abolish the action of curare. 
These substances have been extenrively examined by Briscoe (21) and others 
(22). They are known to inhibit the activity of serum acetylcholine esterase 
and this fact is frcqumitly used to explain thmr pharmacological actions. This 
explanation is, unfortunately, not entirely adequate as is indicated by the fol- 
lowing facts. Wilson and Wri^t (23) have shown that acetylcholine injected 
intra-arterially into curaiized muscles has but little effect ; however, the combined 
effect of the injection of acetylcholine and prostigmine is greater than either in- 
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jected alone. These authors have also shown that potassium greatly accelerates 
the decurarization effect of prostigmine. We find that the potency of Intocos- 
trin (which inhibits acetylcholine esterase) is not measurably inferior to that 
exhibited by the same cjuantity of d-tubociirarine contained in it, although d- 
tubocuiarine itself has little or no inhibitory effect on the above enzyme (24). 

The antagonism of calcium to curare is of remarkable interest and it has been 
shown by Ecclcs and co-workers (25), Feng (26), and others (27), that the restora- 
tion of indirect excitability following the local application of calcium to the cur- 
arized nervc-muscle junction is accompanied by an increase in the spike potentifd 
of the end-plate region. However, it has also been shown that the exposure of 
a nerve muscle prepai’ation to a solution low in calcium increases enormously 
the sensitivity of the muscle to the intra-arterial injection of acetylcholine (28). 
On the other hand, it is said that in the intact animal, the administration of para- 
thsrroid hormone raises the tolerance for curare (29). Dihydrotochysterol also is 
alleged to have the same effect (30). On the basis of present knowledge these 
somewhat paradoxical observations are difficult to harmonize. However, un- 
reported experiments from this laboratory indicate that calcium-lack decreases 
the resting potential of motor nerve and that this decrease in resting potential 
is closely associated with the increase in sensitivity of the muscle to acetylcholine, 
as observed by Kuffler (1944). Furthermore, this increase in sensitivity to ace- 
tylcholine is the probable cause of the repetitive discharges following a single 
nerve volley such as possibly occurs in some forms of tetany. The beneficial 
effect of curare in tetany may be, in part, due to the raised threshold of muscle 
to acetylcholine which reduces, or perhaps abolishes, repetitive muscle responses. 
However, according to Kuffler (1944), curarine does not prevent the twitches of 
frog muscle obtained in vitro upon exposure of the muscle to low calcium; on the 
contrary we find in preliminary and unreported experiments that the addition of 
d-tubocurarine to the low’ calcium solution decreases the spontaneous activity 
of frog muscle immersed in it.^ 

The antagonistic effect of epinephrine upon curorization has been attributed to 
the effect of this substance on tissue permeability (31). However, according to 
Mies (32), the effect is indirect and is in port due to the action of epinephrine on 
the blood vessels in close proximity to the nerve-muscle junction. CertaiDly 
augmentation of blood-fiow' in muscle is likely to shorten the duration of action 
of cuToro. Guanidine, one of the most pow’eiful decurarizing agents (33), ap- 
pears, like calcium, to raise the ^ike-potentiol in the viemity of the motor 
end-plate W’hen single stimuli ore applied to the nerve. 

The reviewer has advanced the hypoth^ that many of the effects of curare, 
acetylcholine, and other substances possessing pharmacological actions at the 
region of the junction between muscles and their motor nerves (34), can be har- 
monioudy composed by the assumption that the function of the motor nerve is, 
in reality, inhibitory to the muscle fibres which otherwise undergo spontaneous 

1 Subsequently reportetl, see Wondt, Bernard P., and A. R. McIntyre. Proo. Am. 
I^yaiol. Soo. 6: 224, 1047. 
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and rhythmic contractions. This inhibition is attributed to the positive (resting) 
charge on the axon te rmin a l surface which, by its presence, is supposed to favor 
acetylcholine esterase activity in the repon and effectively prevent the accumula- 
tion of Bigmficant concentrations of acetylcholine. When the surface of the nerve 
termination becomes more negative as a result of the arrival of a motor impulse, 
or as a consequence of injury, a reversal of the activity of the enzyme system is 
now hypothecated, and choline is thus acetylated. The resulting acetylcholine 
in turn effects the muscle “receptor surface” which is depolarized and the muscle 
contracts. This hypothesis accounts for the interrelationship between calcium 
ion concentration and acetylcholine sensitivity, because, according to this con- 
cept, a reduction of the resting potential of the motor end-plate would cause an 
increase in the concentration of acetylcholine, thereby increasing the effective- 
ness of any acetylcholioe applied. We find that increasing the concentration of 
calcium ions in the fluids surrounding nerve, increases the positive resting po- 
tential at its surface. According to the above hypothesis this would tend to 
keep the activity of acetychohne esterase hi^ and consequently the concentra- 
tion of acetylcholine at a minimum, and may, if the concentration of calcium be 
sufficient, result in a block of ncuro-muscular transmission. According to this 
hypothesis the spontaneous fibrillation of denervation should be interrupted by 
curare, but Solandt and Magladery (35) report that neither an^thetics such as 
ether and the barbiturates nor atropine, curare and eserine prevent the fibrilla- 
tion of denervation; we find that d-tubocurarine injected intra-arterially into 
denervated fibrillating muscles wiU, when injected sufficiently rapidly, inter- 
rupt spontaneous fibrillation os electrically recorded by standard cathode ray 
techniques. (See ref. 20.) Feinstein et al. (36) have Ehoum that it is very im- 
portant to control the temperature of muscles in such experiments, and some of 
the above discrepancies may possibly be accounted for on this basis. In our 
experiments the blood supply was interrupted only momentarily and significant 
temperature changes did not occur. 

Effects of cwwe on U\e avionomic nervovs system and central nervous system. 
Interest in the classical action of curare has resulted in other pharmacological 
a^cts of curare being somewhat neglected, but these are important. For ex- 
ample, curorino applied to autonomic ganglia is capable of blocking synaptic 
transmission in these structures (37). With concentrations of d-tubocurarine 
adequate for curarization of striated muscle, in our experience, this effect occurs 
rath^ slowly (38). The interruption of transmission at autonomic ganglia ap- 
pears to be the result, not of interferoice with the production of acetylcholine, 
but due to interruption of its effeotiveneK at the surface upon which it normally 
acts. This is stron^y indicated by e3q}erimcnts performed by us in which a 
frog heart was perfused with the perfusate from a turtle heart. The concentra- 
tion of ions in the solution used for pmfusion was carefully adjusted so as to be 
compatible with both the (donor) turtle heart and the (recipient) frog heart, 
thou^, unavoidably, 1^ so than solutions best suited to one or the other. 
When the turtle vagus was stimulated the arrest of the turtle heart 'svas promptly 
followed by arrest of the (recipient) frog heart. By diverting the perfusate 
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from the (recipient) frog heart during curarization of the donor heart and then, 
during the stimulation of the turtle vagus, again allowing the perfusate to flow 
through the frog heart, it was sometime possible to obtain arrest of the recipient 
heart without arrest of the donor heart. This strongly indicates that although 
stimulation of the vagus produced vagiis-stoffe in adequate quantities to arrest 
the I’ecipient heart it was unable to arrest the curaiized tm’tle donor heart. It 
sliould be pointed out tluit generally both the donor and recipient hearts were ar- 
rested upon stimulation of the turtle vagus. Arrest of the recipient heart only 
was seen in experiments in which the application of curare had been prolonged. 
These and other experiments with curare lead us to believe that, in general, 
cholinergic structures are more easily affected than adrenergic structures. At 
first possibly both are stimulated iranaentiy, and later paralyzed, so that auto- 
nomic transmission from pre- to post-ganglionic neurones gradually fails and may 
cease entirely after exposure for sufficiently long periods of time to adequate 
concentrations of the drug. The effects of curare on the secretions are many. 
The literature is full of contradictions and inconsistencies. This is because the 
effects of curare upon the glands are probably mediated by its effects upon the 
autonomic system and the results obtained depend upon the duration of the ex- 
periments and the amount of curare used. Another factor responsible for diver- 
gent reports is, no doubt, the differences in the varieties of curare used. The 
following facts seem to be fairly well established. As a result of curarization, 
the blood sugar rises. The urine output falls without a significant change in 
blood-pressure. We suggest, without complete evidence, that the diminished 
urine seemtion is the result of an increase in output of posterior pituitary hor- 
mone — the urine dming curarization frequently contains much sodium chloride. 
The tolerance to insulin is increased. Somewhat surprisingly, when the convul- 
sions in febrile conditions are controlled by curarization, the body temperature 
remains elevated. A large number of observations concerning miscellaneous 
actions of curare reported by numerous investigatore have been collected by the 
writer (39); space does not permit thrir quotation here. 

The effects of curare on (dmormal mwde-tone. The effects of curoi'e on the 
hypertonicity of muscle in dewrebrate animals w^as first investigated by Bremer 

(40) , who show'ed that curare was capable of reducing the muscle-tonus in such 
animals. This was accomplished without the production of classical ouroriza- 
tion, the animals being able to walk without noticeable impairment of their 
gait. Somew'hat parallel observations were reported by Haotridge and West 

(41) in tetany in dogs. Such animals could be protectcKl from tetanic convul- 
sions but at the same time retain their ability to walk, apparmitly, normally. 
West (see ref. 31), reported that there was considerable variation in the effective- 
ness of tetany-control by different curares, some possessing what he termed a 
“lissive*’ action, whmreas others, including d-tubocurarine, possessed littlo or no 
lisrive action. This alkaloid, as above mentioned, is the active alkaloid* con- 
tained in Intocostrin. Consequently it is somewhat suipiisii^ to find that 
Intocostiin and d-tubocurarine are today the preparations chiefly used clinically 
in the treatment of spasticities. Burman (42), who was the first to report on the 
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use of curarif onn drugs in the treatment of spastic patients in this country, made 
his initial investigations before Intocostrin was available, and the botanical source 
of the curare he used is not entirely clear. Later Harvey w-nH Masland (43) 
reported unfavorably on the results of curare in spastic conditions. The writer 
hns had the opportunity of seeing a number of spastic patients who appeared to 
be benefited by the use of Intocostrin, and others, notably some of Doctor 
Schlesinger’s patients, who seemed undoubtedly improved by the intramuscular 
injection of d-tubocurarine suspended in oil and beeswax, the effects oi^which are 
said to persist for as long as three days (44). 

These clinical observations confront the pharmacologist with a difficult prob- 
lem because in normal dogs the classical peripheral effects of these preparations 
do not, in the reviewer’s experience, persist sufficiently long to account for the 
duration of the clinical Improvements reported. There is also difficulty in ex- 
plaining Bremer’s observation G-c.) on decerebrate rigidity and those of Hartridge 
and West (l.c.) in parathyroid tetany in terms of the classical curare effect, 
because, as mentioned above, these experimenters did not obtain measurable 
interference with the animals’ ability to walk. It would seem that in the event 
of the curare preventing a certain proportion of the motor-nerve impulses r^pon- 
sible for the increased muscle tonus from reaching the muscles there would be 
an impairment of muscle-function rou^y proportional to the decrease in the 
hypertonicity. Should it be demonstrated that in spastic states, repetitive 
muscle responses follow singlo motor nerve impulses, which seems rather unlikely, 
the beneficial effects of curare in spasticities would be more readily understand- 
able. During curarizatiQa, as is well known, a muscle will rapidly lose its abilily 
to maintain a totonic contraction and then respond by a sin^^ twitch to on 
indirect tetanic stimulus. This phenomenon, however, is hardly adequate to 
explain the relief believed to bo afforded by curare in hypertonicity. The 
question is further complicated by the fact that West (l.c.) w'os unable to find 
a lissive action with d-tubocurarine. Admittedly knowledge of the numerous 
factors responsible for pathological hypertonicity is incomplete and accordingly 
a discussion of the mode of action of curare in Uiese conditions is consequently 
speculative rather than factual. It seems possible that the effects of curare in 
spastic states may depend, at least in port, upon some mechanism other than 
its classical peripheral action. Accordingly attention is drawn to the observa- 
tions of Denhoff and Bradley (45), who state that their spastic patients experi- 
enced subjective manifestations following injection with effective doses of curare. 
These subjective symptoms might be interpreted as suggestive evidence of a 
central nervous system action of the drug, and West (46) has quoted the words of 
one of his patients whoso subjective rations, while under curare therapy, clearly 
indicated marked disturbances of the sensorium. The pharmacological actions 
of curare on the brain and cord have been largely neglected but convulsions, 
following intra-aortio injectiooB, have long been known to occur (47), and when 
curare gains access to the ventricles marked disturbances of the O.NB. result 
(48). Both Harlow (49) and Girden (60) have investigated the effects of curare 
on conditioned refiex(» in do^ and both report changes in the responses of cur- 
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arized p.nimfl.1p which they attribute to central actionfl. Girden believes that the 
curarized dog suffers amnesia. The electrical activity of the frog’s C.N.S. has 
been investigated by Pick and his associates (61), who find a depression of activ- 
ity wliich may last several days in the curarized animal. We find that the im- 
mediate effect of rapid injections of d-tubocurarine into anesthetized dogs is a 
transient increase in amplitude of the electroencephalographic record promptly 
followed by a decreased electrical activity of the brain (52). It is possible to 
cause sudden and complete arrest of re^iration and death by the rapid intra- 
carotid injection of d-tubocui'arine; respiration may cease before indirect ex- 
citability of the diaphragm is lost. It is desirable that the mechanisms responsi- 
ble for the decrease in muscle hypertonicity observed clinically be investigated 
with the possible r61e of these actions of curare on the C.N.S. in mind. It is 
conceivable that the effect obtained in spastic patients involves actions of curare 
on reflex pathways, resulting in impairment of synaptic transmission, which in 
the abnormal C.N.S. may be suflSlciently modified by curare to account, in part, 
for the clinical benefits claimed. The subject obviously requires further in- 
vestigation. 

The me of curare in shock-therapy and anesthesia. At the suggestion of the 
author, A. E. Bennett (53) began the use of a partially purified and carefully stand- 
ardized solution of curare, prepared in this laboratory, on psychopathic patients 
undergoing metrazol shock-therapy. The incidence of trauma resulting from the 
convulsions was reduced to the vanishing point, without diminishing the ratio 
of succ^sful to unsuccessful treatmemts. Subsequently with the development 
of electro-shock therapy the use of curare in shock-therapy has continued and 
is today used in perhaps a majority of institutions where this type of therapy is 
employed. It is probable that the d(mge of curare for use with electro-diock 
therapy should be somewhat less than that formerly used in metrazol shock- 
therapy. The reason for this is that metrazol is antidotal to curare whereas 
electro-shock-thei’apy is not. Electroencephalographic records, obtained by us, 
indicate that both curare and electro-shock result in decreased elcctroactivity of 
bram, hence, when both are employed together, they may augment each other. 

Griffith and Johnson (54) introduced the use of curare as an adjuvant in ones- 
the^a and Griffith (55) has extensively investigated the usefulness of the drug in 
this field. Cullen (50) has also investip,ted curare in anesthesia and Gross and 
Cullen (57) have made the important observation that with ether the amount of 
curare njocessary to obtain good muscle-relaxation is considerably less than with 
such anesthetics as cyclopropane. In the opinion of the author cyclopropane 
anesthesia with curare approaches the ideal in anesthesia for a wide variety of 
surgical procedures. The deep relaxation obtained with curare supplies the one 
deficiency of cyclopropane. In abdominal surgery another advantage of curare 
is that the gut is rendered “small” and inadave. Presumably this effect on the 
gut is caused by on effect upon synaptic conduction in the autonomic system 
because we find that the concentrations nec^Ktaiy to modify rabbit jejunum 
m ai^ro for exceed those likely to be present when the drug is iiscd in inan. While 
the chief value of curare in anesthesia undoubtedly resides in the muscle relaxa- 



CUBABE IN GLlNICAIi MEDICINE 


473 


tion obtained due to the drug’s clasEdcal peripheral action, there is disagreement 
as to what r61e, if any, is played by its central actions. There have been a 
number of papers which report the administration of very large doses of curare 
to patients, either by accident or by design, in which it appeared that anesthesia 
resulted, and in some instances major surgery has been successfully accomplished 
under curare alone (68). On the other hand. Dr. Scott M. Smith (69) allowed 
himself to be injected with d-tubocurarine to the point of complete curarization 
without the loss of consciousness. It is possible that the rate of administration 
of d-tubocurarine in Smith’s experiment was insufficiently great to produce the 
effects reported by others. This important question requires further investiga- 
tions. It is, however, not too easy to find competent observers who exhibit the 
devotion to science shown by Doctor Smith. 

The use of curare for the control of convulsions in tetanus dates back to the 
early part of the 19th century and the literature on this topic has been previously 
reviewed by the author (60). There is no evidence at present that curare is 
capable of saving the patient’s life although control of convulsions can be rather 
readily accomplished. One of the difficulties in the prolonged use of curare for 
the maintenance of deep curarization is that, in experimental nnimAlR at least, 
the animal gradually succiunbs. Tho mechanism of death is obscure (61). 
The reviewer believes that death is related to the gradual interruption of function 
of the C.N.S. brought about by the prolonged action of curare. In spite of this 
the experimental use of curare in severe human tetanus is fuUy justified when 
adequate facilities for maintaining effective artificial rospuBtion are available. 
Reliance on atmospheric pressure to fill the limgs, as for example, when an “iron 
lung” is used, may result in inadequate pulmonary ventilation due in part to 
bronchial spasm. Methods employing p<Mitive pressure should therefore be 
used. 

Bansohoff (62) has taken advantage of curare to decrease the painful muscle 
spasm frequently found early in poliomyelitis, thereby rendering his patients 
more comfortable and facilitating the early application of physio-therapy. On 
the basis of present knowledge it should not be assumed that there is any direct 
beneficial effect exerted by curare. 

The only kno^vn contraindications to the use of curare are during the acute 
paralytic stage of poliomyelitis and in myasUienia graviSj a disease in which sen- 
sitivity to curare is markedly increased. The many parallelisms between partial 
curarization and myasthenia grams have been described by Bennett, McIntyre 
and Cash (63). The antidotal value of eserine and prostigmine bromide have 
been compared by tho author (04) and the foimor was found to be superior; 
however, subsequent work has shown that prostigmine methyl sulfate is fully os 
effective as eserine. 

It is unnocessary to enumerate all the clinical applications of curare which 
have been attempted; they include the treatment of such diverse conditions os 
persistent singultus, dysmenorrhea, epilepsy and as on aid in endoscopy. They 
have been discussed in some detail elsewhere (05). If tho claim of tho successful 
treatment of dysmenorrhea is substantiated it is obvious that tho practical 
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phannacological use of curare is not necessarily limited to its classical effect on 
skeletal muscla 


SUMMABY 

1. The mechanism of curarization cannot be completely e^lained until the 
problem of neiiro-muscular transmission is fully solved. 

2. Curare possesses, in addition to its classical action on neuro-muscular trans- 
mission, an action on autonomic S3niaptic transmission which transmission it is 
capable of blocking. 

3. The effects of a sufficient concentration of a curare on the central nervous 
^ystem arc a transient increase in activity, followed by decreased activity. 

4. The above phannacological actions ctf curare can bo tentatively attributed 
to its effect upon cholinergic structures, whose ability to respond to acetylcholine 
is selectively and progressively modified. 

5. The clinical use of curare, in shodc-therapy and anesthesia, is thoroughly 
establidied. The fuU evaluation of the use of curare in ^asticities awaits further 
experimentation. 

6. The clinical use of curare for the treatment of conditions other than those 
involving the striated musculature is provocative of interest but must be viewed 
with cautious reserve. 
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THE URINARY COPROPORPIIYRINS IN HEALTH AND DISEASE^ 

CECIL JAMES WATSON and EVREL A. LABSON 
Department of Medicine, Univereity of Minnesota Hospital, Minneapolis 

The literature relating to the urinary poiphyrins has become so extensive that 
it would scarcely be feasible to review it comprehensively in the space which has 
been allotted to the present paper. The authors have striven rather to bring 
together the essential pieces of information which comprise the existing knowl- 
edge of the subject. A number of reviews have appeared to which the reader 
is referred for additional orientation to the literature, both with r^ect to the 
urinary porphyrins (9d; 16i; 99c), and to porphyrin metabolism in general 
(9c; 11; 16i; 24e, k; 32a, b, d; 58b; 73b; 78b; 97c; lOOg, h). Because of space 
restriction, the present review will concern itself mainly with the urinary copro- 
porphyiins. Other porphyrins and other aspects of the coproporphyrin problem 
^vill be consddered only as they relate to the coproporphyrins of the urine. 

The term uro- and coproporphyrin have proven somowhat unfortunate in the 
light of knowledge of these substances gained since Hans Fischer first described 
and named them. Prior to Fischer’s studio, the natumlly occurring porphyrins 
had been generally assumed to be the hematoporphyrin as first pr^ared by 
Hoppe-Seyler (41) and later, in crystalline form, by Nencki and Sieber (64). 
Reasons for this confusion will appear presently. Fischer’s first observations 
were made in a case of congenital porphyria, the famous case Petry, in which the 
urine, as it characteristically does in this disease, contained large amounts of 
uro- and relatively small amounts of ooproporphyrin (24a). The feces from this 
case was found to contain only coproporphyrin (24b), and in fact, the presence of 
uroporphyrin in the feces of porphyria cases was overlooked until relatively 
recently (80a). Fischer’s isolation of crystalline uro- and coproporphyrin from 
urine and feces, respectively, initiated a brilliant series of studies of tihe por- 
phyrins which were terminated by his untimely death in 1945. These studies of 
Fischer and his school have provided mudi of the existing knowledge concerning 
the structure and chemical interrdationshjpB of the porphyrins. Relatively 
early in the course of this long research, Fischer was able to ^ow that the con- 
figuration of the \uo- and coproporphyrin isolated from the case Petry, differed 
from that of the protoporphyrin in the hemoglobin molecule (24e). This dif- 
ference may be noted in figure 1, in which it is seen that there is opposite place- 
ment of the methyl and propionic acki groups on pyrrol nucleus TV (left lower). 
Fischer- syntheazed the four "aetioporphyTins”, which have only methyl and 
ethyl groups on the porphyrin ring (24e, k). These do not occur in nature, but 
they serve as the basis for his clase^oation, in that all oth^ porphyrins belong to 
one of four main types, depending upon corre^ondence of the side groups with 
the methyl or ethyl groups of the aetioporphyrins. Thus the uro- and copro- 

^ Aided by grante from the John and Mary R. Markle Foundation, New York City, and 
the Medical Research Fnnd of the Graduate School, University of Minnesota. 
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porphyrin isolated from the porphyria case were found to have the configuration 
of aetiopoiphyrin I, while the protoporphyrin of the hemoglobin molecule was 
later shown to have the type III structure* (24p). Fischer thus revealed the 
“dualism” of the porphyrins in nature. Although theories of poiphyiin syn- 
thesis in the animal organism have been proposed which postulate a minute 
formation of type II or IV porphyrins (16g, i; 94), they have never been isolated 
from natural material nor has any evidence been (Ascribed to indicate their 
occurrence. 

As will be discussed subsequently, the formation and excretion of copro- 
poiphyrins I and III, varying in relative and absolute amounts under difierent 
circumstances, has been well estabUed. Their fundamental significance, 
however, is but poorly understood. The formation and excretion of uroporphy- 
rin I has come to be recognized as a characteristic feature of the metabolic error 



Fig. 1. Struotural formulae of oopropmphyrio I and of protoporphyiin 9 0Bomer type 
III), according to H. Fischer (24d). 

which constitutes porphyria, in contradistinction to the idiopathic or secondary 
oopropoiphyrinurias. The position of uroporphyrin III in the porphyrin scheme, 
is much less secure. Recent studies (31^; lOOq) have shown that what has 
formerly been d^gnated as uroporphyrin III is actually a mixture of uropor- 
phyrin I with a type III poiphyrm, the latter, however, not having the elemen- 
tary composition of a uroporphyrin isomer. The uroporphyrin problem would 
require separate consideration from many standpoints, and except where it 
relates in an intimate way to the urinary coprc^otphyrin, it will not be included 
in the ensuing review. 

* Actually this is designated as protoporpliyTm 9, since it corresponds in oonfiguration 
-nith mesoporphyrin 9. Fischer further classified porphyrins having more than two types 
of ride groups, on the basis of correspondence in configuration with one of the 16 meso- 
porphyrins. The latter have four methyl, two ethyl, and two propionic acid side groups. 
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The physical constants of the coproporphyrins and their metal complexes and 
esters, including melting points, crystal habitus, absorption and fluorescence 
spectra, and solubflities have been given in detail elsewhere (16i; 24k; 49; 50; 
lOOh). 

The oproporphyrin of normnl urine. MacMunn (66), Saillet (76) and Garrod 
(27a, b, c) were the first to recognize the presence of a porphyrin in normal urine. 
These earlier investigators labored imder the difficulty of rather crude spectro- 
scopes with which it was scarcely possible to distinguish between copro- and 
hematopoiphyrin, the absorption spectra of which differ by not more than 
10 A. (24k). Thus it is not surprising that the porphyrin of normal urine, as well 
as that found in increased amounts in a variety of pathological states, was be- 
lieved for many years to be the hematopoiphyrin which Nencki and his co- 
workers first established as a well defined chemical entity (64) . Schiunm (79a, b) 
recognized the differing absorption spectra of the urinary porphyrin and hemato- 
porphyrin, indicating his belief that the former was identical with Fischer’s 
coproporph 3 udn (24a, b). This spectroscopic identity was confirmed by Fischer 
and ^rweek (24m). Hoerburger (39a) fiust purified the coproporphyrin of 
normal human urine, stating that it was the type I isomer on the basis of the 
crystal habitus of its methyl ester. Fink and Hoerbui^r (23) reported that the 
pH fluorescence curve of this orystaUine material was that of copropoiphyrin I. 
Crystals obtained from the mother liquor eshibited the habitus of the type III 
isomer. Watson (lOOe) isolated 0.13 mgm. of crystaUine ester from 33 liters of 
normal human urine (one individual). The crystal habitus was that of type I, 
but the melting point w^as somewhat low at 228‘’C. (Coproporphyrin I methyl 
ester melts at 250‘’C., while the methyl ester of type HI has a dimorphic melting 
point, i.e., 135°, 144°, 167-1 70°C. [24i, k].) This together with the fact that a few 
rosette of prisms were obtained from the mother liquor suggested the presence of 
a smaller amount of t 3 rpe III isomer. By means of preliminary concentration on 
infusorial earth, Groteposs (33b) isolated the coproporphyrin from 10,000 liters 
of presumably normal human urine, pooled from a large number of individuals. 
Upon fractional ciystallizatioa of the yield, which was approximately 200 mgm., 
96 mgm. of type I and 87 mgm. of type III were obtained. As pointed out by 
Dobriner and Rhoads (lOi), the dhief objection to Grotepass’ conclusion that this 
is the isomer distribution of normal hmnan urine, is the possibility of inclusion 
in the pool of urine from an individual having a latent or symptomless type III 
poiphyrinuria. It will be noted subsequently that such a condition may easily 
be overlooked. Furthermore, it was possible t'lat chemical or metal expos’ore, 
or alcoholism (Vide infra) was present in at least some of the individuals con- 
tributing to Grotepass’ pool. It was derirable, therefore, to know the isomer 
distribution in a series of urines for each of which it had first been determined 
that the concentration of total coproporphyrin was within the normal range 
(vide infra). Data of this type have recently been gained (100s) in a study of 30 
normal individuals, employing the differential precipitatian ^'fluorescence quench- 
ing” technique (80b, e). The range of isomer distribution in this study was from 
65 to 92 per cent type I, and from 8 to 35 per cent type HI. Th^ 30 iadividuals 
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represented both, sexes about equally, but were all below 30 years of age, the 
majority being students between 20-25. An additional group of 11 individuals 
of both sexes between the ages of 69-82 were also studied (100s). This revealed 
a slightly higher relative percentage of type III isomer. It appears, however, 
that this apparent increase is due to a mild decrease of type I. The range of 
values for the type I and type III isomers in the young and old individuals was 
as follows: 



TOXIHO 

ou> 

I 

16.—89 7 per day 

14.7— t67 7 per day 

III 

1.4 — 31.7 y per day 

4.6—34.37 per day 


The concentration and per diem output of the total coproporphyrin in normal 
human urine has been determined repeatedly in the past, the reported values 


TABLE 1 


The average normal excretion af coproporphyrin in the urine as determined 
by various inveatigatore 


AtnsOK 

imiun copsapoKPEtTKor 
jHrPBBMaxs. 

Franke and Fikentscher (26b) 

10-80 

10-100 

4n50 

18-110 

&46 

10-80 

0-60 

0-100 

0-100 

41-120 

14-99 

0-100 

3-7 (per 100 cc.) 

yfi.Ti Hflu Borgh at al. (S60) 

’PTlgp^'l’ d) 

TVnpp ftTirl flieglar (9Sa) 

yijrlin.ni At. «.!. (S8d) 

'^fi.TiTintti (97a) 

(11) 

(62) 

'TViiaI (p2«.) 

(l^n) 

Wa+rPf"' "I" - (lOOfl) 

and N’esbitt (68a) 

and Tiitznor (25c) 



ranging from 1 to 8 7 per 100 oc. (25c; 100s; w), and from 0 to 120 7 per day. 
The results of a number of inv^tigators, as obtained vtdth a variety of method 
(vide infra), are shown in table 1. 

The methods of determination have been, in the main, fluorimetric, depending 
upon the characteristic red fluorescence of the porphyrins in Wood’s light. In 
accordance with Stoke’s rule, the excited fluorescent light is of longer wave length 
than the exciting light which is absorbed (5a). For the copropoiphyrins in 1 
per cent HCl ilie exciting light is 4010A (max.) (80f), while in 5, 10, 25 per cent 
HCl, the exciting wave lengths are 4018, 4030, and 4058 A (max.) i^ectivdy 
(79d) . Fluorescence is excited to a lessor extent by li^t of 5480 A (max.) . The 
fluor«3cence spectral band is found between 6200-0300 A, maximum at 6260 A 
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(61b.). The fluorescence intensity h^ been measured in various ways including 
the T^lfrich stufenphotometer (22; 25b; 97c; 98d), or fluorophotometera such as 
the Pfaltz-Bauer (58a) Klett (lOOx), or i^cially constructed types (63; 96a). 
Spectrometric (16f; 78f, 79c), and colorimetric methods (16n; 92a, b) have also 
been employed. Fluorescence methods are considerably more sensitive and 
require smaller starting volumes of urine. 

In the study of isomer distribution in 41 normal individuals, as referred to in 
the above, the 24 hour quantity of total corproporphyiin was likewise determined 
in each instance. The range was from 14-99 y. The statistical significance of 
these findings is discussed in more detail elsewhere (100s). On the basis of this 
study, it is believed that the upper limit of normal is 100 7 per 24 hours. The 
principal sources of error contributing to higher values obtained with colorimetric 
methods, as reported by others (20; 92b) are thought to be the measurement of 
impurities which are included due to insufficient preliminary purification. Thus 
it has been noted repeatedly that unless the porph 3 rrin is taken back and forth 
twice between ether and HCl, unduly high values result, ei^ecially when the 
method depends upon absorption. Inadequate purification leads to unduly 
high values with colorimetric techniques and low values with those based on 
fiuorimetry, in the former because of increased absorption of light, and in the 
latter because of masking of fluorescence, by impurities. Thus the method of 
Tropp and Siegler (93a) 6 mplo 3 r 8 a continuous extraction apparatus which entails 
prolonged heating in boiling ether, together with any other impurities extracted 
from the urine. Experience* with continuous ether extraction has revealed 
consistent loss, as contrasted directly with repeated extraction in a separatory 
funnel. Nevertheless, Tropp and Siegter’s range of normal values is slightly 
higher than ours, os noted in table 1. The reason for this is not apparent. 

Poulikakos and Tropp (69) found little or no relation of the per diem amount 
of porph^Tin to the volume of urine, in normal individuals. With increased 
excretion of porphyrin, however, relative increases were observed with larger 
volumes of urine. 

Lwer disease and jaundice. Garrod (27a, b, c) emphasized the occurrence of 
increased amounts of porphyrin, believed by him to be hematopoiphyiin, in the 
urine in cases of liver disease. This has bem confirmed by many subsequont 
investigators (9d; 16a; 24o; 34b; 65; 96c; 100b, t, u). Fischer and Zerweok 
(24o) Ehowed that it was coproporphyrin which was increased, but did not de- 
termine the preponderant isomer type, van den Berg^ (96o) found that oepro- 
poiphyrin appeared in the serum and was increased in amount in the urine, both 
in cases of liver disease and of mechanical or obstructive jaundice. He postu- 
lated that this was due simply to a faulty excretion by the liver of the copro- 
porphyrin normally present in the bUe (96c). As will be discussed in more detail 
later, van den Bergh (96c) believed that this coproporphyrin is derived from the 
protoporphyrin of the erythrocytes, the conversion from one to the other bdng 
regarded as a normal function of the liver. Although later studies (77; 98a; 


* TJnpablished. 
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lOOn) have not supported thih belie! , the finding has been generally confirmed 
that coproporphyrin is regularly increased in the urine of cases of regurgitation 
jaundice whether due to diffuse liver damage or to biliary obstruction (9d; 16a, i; 
65; 100b, t, u). Thus a recent study (lOOo, t, u) has revealed a significant 
elevation, usually from tw o to four times the upper limit of normal, in a series of 
cases of mechanical jaundice, and of jaundice due to hepatitis and cirrhosis, 
van den Bergh (96cl obser\'ed somewhat higher values in mechanical than in 
parenchymal jaundice, but did not attempt to employ the urinary coprpporphy- 
rin value in a differential diagnostic way. The data recently reported (lOOo) are 



Cose number 

Fig 2. Total ooproporphyrin in cases of hepatitis and cirrhobis. Case 19 in group b was 
studied about 18 months after tho acute attack of infectious jaundice; case 47 in this group 
about 8 months afterward 

shown in figure 2. It is evident from these and additional data which are discussed 
in separate communicationB (lOOt, u) that the total coproporphyrin determina- 
tion has relatively little value m the differential diagnosis of jaundice. 

Increase of the urinary coproporphyrin has been referred to frequently as 
a sensitive index of liver functional impairment (26a, b; 66; 93a). Alter alcohol 
ingestion, Franke (26a, b) observed prompt sharp increases which averaged 
100 per cent, foUowii^ one liter of beer or 90 cc. of cognac. Significant and 
rather uniform increases were also recorded by Franke in cas^ of “catarrhal” 
jaundice, subacute atrophy of the Uver, drrhosis of the liver, meohamcal jaundice, 
Tv nd passive omigestion of tho liver. Franke noted generally hii^er values in 
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parenchymal than in mechanical jaundice. He did not regard the hi^ values 
observed in 45 cases of lead poisoning as related to liver injury, as he found no 
evidence of the latter from the standpoint of other investigations. This matter 
will be considered in more detail later. 

The first determination of isomer type in an instance of liver disease was 
carried out on urine from a case of cirrhosis of the liver which followed the use 
of cinchophen (lOOe). From the standpoint of the effect of chemical toxicity on 
porphyrin metabolism (vide infra), it may be noted, however, that a considerable 
interval of time had elapsed in this case, between the ingestion of the cinchophen 
and the time of isolation of the porphyrin. The latter proved to be the type I 
isomer. Subsequently, Dobriner (16a) isolated coproporphyria I from the urines 
of a number of cases of various diseases, including atrophic cirrhosis, catarrhal 
jaundice, obstructive jaundice, hemolytic jaundice, Hodgkin’s disease, and 
febrile states such as lung abscess and lobar pneumonia. Coproporphyiin I 
was likewise isolated from the urine in cases of fever due to lung abscess, and 
in hemolytic jaundice, by Watson (100b) who also found it in the bile (lOOf), 
and believed that the increase in these conditions was related to impaired 
hepatic excretory function. In Dobriner’s study, an excess of coproporphyrin I 
was found in all of nine cases of catarrhal jaundice. These were presumably 
instances of infectious hepatitis. More recently, uniform increases of the type I 
isomer have been noted in the urine during the icteric stage in 67 cases of this 
disease (lOOo, t). In several of the cases of this series, the 24 hour amount 
exceeded 400 gamma. Of greater interest, however, was the finding of an in- 
creased urinary coproporphyria for varying periods, often many months, after 
the disappearance of jaundice (see fig. 2). This persistence, together with 
collateral evidence has been interpreted as on indication of the presence of 
r^dual or chronic hepatitis. Similar slow decreases during convalescence 
of “catarrhal jaundice” had been observed previously (9d; 16a; 93a). In 
cases of cirrhosis following infectious hepatitis the excessive coproporphyrin 
has likeAvisc been found to consist of the type I isomer (lOOo, t). This finding is 
in striking contrast to that in the majority of cases of cirrhosis in chronic alco- 
holics, in which the increase is due to tho type III isomer (lOOu). Dobriner 
had previously reported on excess of type I in 6 cases of “atropluc cirrhosis,” 
and of type III in one such case, but mthout stating which, if any of these 
instances, were chronic alcoholic. 

The effect of alcohol on porphyrin metabolism has not yet received sufficient 
study. This problem will be dealt with now because of its close relation to that 
of hepatic cirrhosis, rather than m the later section dealing with chemical toxicity. 
Franke’s finding of a sharp increase of coproporphyrinuria in acute e3q)eriments, 
has already been cited. This was confirmed by Brugsch and Keys (9f ) who also 
noted increases in chronic alcoholism and isolated the type I isomer in two cases 
and the type III in one. Watson (lOOi) isolated coproporphyiin III from the 
urine in alcoholic pellagra (vide infra). In a study which is still in progiess and 
which will be reported in detail elsewhere (90), it has been found that the great 
majority of ohronic alcoholics excrete excesses of type IH isomer while drinking 
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but usually exhibit a normal porphyrin excretion within a short time, often 
indeed a few days after complete abstinence from alcohol. Thus it is of con- 
siderable intoi'est that an increased copropoiphyrin III excretion persists in 
many instances of cirrhosis, in chronic alcoholics, long after the ingestion of 
alcohol has stopped. It appears, in other w'ords, that some peculiar factor is 
operative in these cases which may relate not only to the persistence of the type 
III coproporphyrinuria, but also to the development of cirrhosis. Illustrative 
data are presented in separate communications (90; lOOu). 

Dobriner (1 6a) found coproporphyrin III in a case of hemochromatosis. 
In unexplained contrast to this finding, an excess of coproporphyrin I has 
recently been observed in the urine of two cases of hemochromatc^ (lOOu). 
This discrepancy will be referred to again in the following. 

Blood diseases. Fischer and Zerw'eck (24m) identified coproporphyiin in the 
urine of 'pernicious anemia patients. Garrod (27b) had previously referred to 
this as hematoporphyrin. Gtintlicr (31b), how’over, failed to observe increased 
“hematoporphyrin” in the urine in cases of pernicious anemia. The copro- 
poiphyrin in both luine and feces in this disease has been showTi to be the type I 
isomer (16h; 98c; lOOf). Inconstant increases in the urine of moderate degree 
have been discussed by Dobriner and Rhoads (16g). The same is tnie in heino- 
lijlic anemia, w'hich, like pernicious anemia in relapse, is characterized by consid- 
erable increases of coproporphyrin I in the feces. There is some evidence that 
the latter is lulated to the rate of erythropoiesis (lOd, h, m; 80f; lOOf) (vide 
infra). The inconstant and variable increases in the urine in both of these 
diseases may well be analogous to the variable urobilin ogenuria which is believed 
to relate to hepatocellular fimotional impairment ( 100 a, f). 

Vannotti (97c) was the first to report an increase in urinary porphyrin in 
a cose of aplaslic anemia, Dobriner, Rhoads and Hummel (16j), studied six 
cases of refractory or aplastic anemia in four of which an increase W'as found 
to be composed of a mixturo of coproporphyrin 1 and III. In two additional 
cases, the presence of the typo III isomer was suggested, but could not be proven. 
Dobriner and his co-workers oonridemd the possibility that the increase of 
coproporphyrin HI in these eases indicated a toxic or extrinsic chemical factor 
in their etiology. The relation of chemicals and heavy metals to type III 
ooproporphyrinuria will be discussed in more detail in a later section. Recent 
studies of urinary coproporphyria excretion in 12 cases of refractory or aplastic < 
anemia, carried out by means of the differential precipitation technique (80b, e) 
have revealed a range of total copropoiphyrin of from 119-363 7 per 24 hours, 
of which 66-92 per cent was the type III isomer. These data will be presented 
in detail m a separate communicaticni (lOOv). 

Inconstant mild increases of urinary coproporphyrin in leukemia have been 
reported in the literature and are discussed by Dobriner (16b, i). Dobriner 
(16b) found increases in cases of Hodgkin's disease ranging from 200 to 600 
miorograms in febrile oases, shortly b^ore dealh. This was ascertained to be 
the type I isomer in 6 instances. It was therefore of particular interest that 
in the course of a more recent study (lOOv), relatively large amounts of oopro- 
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porphyrin III were encountered in three cases of Hodgkin’s disease, while in 
two others, the excess was the type I isomer. This difference has not been 
explained; it will be referred to again in the discussion of origin and significance 
of the urinary copropoiph 3 rrins. 

Hemorrhage and ihe effect of blood in {he gastrointestinal tract. Duesberg (17a), 
studying hemorrhage in rabbits, did not obser\’^e any increase in uidnary por- 
phyrins. Dobiiner and Rhoads (16h) found an increase in total coproporphyrin 
excretion in dogs, after bleeding from the jugular vein; the percentage of this 
increase, if any, excreted in the urine, was not stated. Dobriner’s interpretation 
of this finding will be discussed later. 

Increases of urinary porphyrin have repeatedly been ascribed to the presence 
of blood in the intestinal tract (6; 9a, b; 24h; 79c; 86a; 97c). The inconstant 
character of these increases induced Kaunitz (46) to a dminis ter hemoglobm, in 
20 gram quantities, to normal individuals and to patients with various disorders, 
including fiver disease. It was found that ne^gible, if any, increase occurred 
in the former, but that significant elevations were common in the latter group, 
e^cially in the cases with liver disease. Kaunitz interpreted this to indicate 
a formation of the tjpe III isomer in the intestinal tract followed by partial 
absorption into the portal circulation with di^osition by the normal liver, 
so that little or none was allowed to enter the general circulation and appear in 
the urine, while in the case of the damaged liver variable fractions gained accaas 
to the urine. The study of Jakob (42) offered indirect support for this belief. 
According to this study certain bacteria are capable of elaborating copropor* 
phyrin III from hemoglobin, in vitro. Kfimmerer (43a) had previously demon- 
strated the bacterial formation of protoporphyrin from hemoglobm, in vitro, 
but he believed that this transition required a symbiotic growth of anaerobes 
with E. coli, while others have shown that symbiosis is unnec^sary, and that 
in the presence of hemo^obin, pure cultures of E. coli are capable of the elabo- 
ration of protoporphyrin (38a) and of copropoiphyrin III (42). 

The question of the relation of blood in the gastrointestinal tract, and of 
the bacterial flora of the intestine, to the urinary copropoiphyrin, under normal 
and pathological conditions, has been studied in some detail in this laboratory 
(53a, b). Jakob’s findings have been confibmed including the observation that 
certain strains of bacteiia can synthesize coproporphyrin III in the absence of 
,any demonstrable heme pigments or porphyrins, but in the piesence of protein. 
It was not elaborated in synthetic media of the Gladstone typo. In this con- 
nection it may bo noted that Coulter and Stone (13) obs^ed formation of 
copropoiphyrin by diphtheria bacilli in bouillon cultures. The rate of forma- 
tion appeared to be proportional to the toxin production. The isomer t 3 pe 
was not detmnined. 

Nevertheless, the recent study just referred to failed to support Kaunitz* 
view that hemo^obin in the intestinal tract causes increased ooproporphyiinuria, 
erven in the presence of liver functional impairment. No rignificant increases 
were observed in several instances of outspoken liver disease, following feeding 
of hemo^obia in amounts as laige or larger than those which Kaunitz gave. It 
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is believed of even greater significance that there was repeated failure of ab- 
soiption of coproporph 3 rrin III given by mouth, after administration of 3-5mgm., 
together with lack of increase of the coproporphyrinuria in such e^eriments. 
Thus it would appear that while the bacterial flora of the colon may produce 
small amounts of coproporphyrin III even in the absence of hemoglobin, the 
presence of this porphyrin in the bowel bears little or no relation to the amount 
in the urine. The results of this study, in fact, strongly indicate that the copro- 
porphyrin III of human uiine is a truly endogenous metabolite. Whether t.hia 
applies as well to the type I isomer is not certain. This problem will be con- 
sidered later (vide mfra), but it may be noted at this point, thu t. in one experi- 
ment in which 3 mg. of coproporphyrin I was administered orally, no increase 
was observed in the urine and approximately the amount given was recovered 
in the feces. 

There is no evidence that chlorophyll in the diet contributes to the copro- 
porphyrin of the urine. Brugsch (9d, g) has discussed this problem in detail. 

Fever and infectious disease. The finding of coproporphyrin I in febrile states 
associated with pneumonia (16a) and lung abscess (16a; lOOe) has already 
been referred to, and the possibility was considered that these increases were 
related to hepatic functional unpairment. 

More recently Cartwright and co-workers (11b) have observed increased 
coproporphyrinuria regularlj' in association wdth the anemia of pyogenic in- 
fection, Hie isomor type was not stated. 

The uniform increase of coproporphyrin I in the urine of cases of infectious 
hepatitis during the icteric stage of the disease, and in many instances x>ersistii^ 
after disappearance of jaundice, has also bem mentioned. It was therefore 
an unexpected finding of much inter^t that the urine of cases of acute polio- 
myditis regularly contained significant increases of type III isomer (lOOr). 
In general, larger amounts of total coproporphyrin, ranging up to 1000 gamma 
per day with 60-9tf per cent of coproporphyrin III, were encountered in the 
moro seriously ill patients, especially the bulbar type, but a strict correlation 
with severity or type has not been determined. Of 64 cases of the disease, 
56 exhibited amounts of total coproporphyrin in excess of 100 gamma. In 
some instances m which the total coproporphyrin value was normal, the per- 
centage of the type HI isomer was abnormally hi^. Figure 3 shows the total 
oc^roporphyrin values and isomer distribution in 61 cases, as compared with 
the normal range. In a number of these instances crystalline coproporphyrin III 
methyl ester was isolated, thus confirming the results obtained by means of the 
differential precipitation technique (SOb, e). The cause of this increase is un- 
known. Klfivor (51a, b) established the presence of small amounts of .copro- 
parphyiin in the white matter of the central nervous system of warm blooded 
ammals, and identifled it tentatively as the type III isomer (51c). Based 
on studies of bacterial metabolism, Granick and Gilder (31) suggest that copro- 
porphyrin may function os a regulator for the rate of oxygen consumption by 
living colls. It remains to be determined whether the coprcpoiphyrin of the 
central nervous system has such a r61e. Studies by Chu and Watson (12) 
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have also tentatively identified the porphyrin as coproporphyrin III and have 
established the concentration at about 0.02-0.03 gamma per gram of human 
brain. It was found impossible to increase the concentration in rabbit brains 
by poisoning the aniTnalR with lead, in spite of the fact that a 10 or 20 fold in- 
crease of urinary coproporphyrin III was effected (12). Nor was it possible 
to achieve any increase in concentration in dogs’ brains by injecting relatively 
large amounts of coproporphyrin III into the internal carotid artery one-half 
hour before the fl-nimRlB were killed and the brains examined (12). These 
observations render much more difficult the correlation of the above mentioned 
urinary findinga in poliomyelitis with the central nervous ss^stem coproporphyrin; 
neverffieless, ffiere may be a relationship and this possibility is receiving further 
study at the present time. 



Fig. 8. Total coproporphyrin and per cent of type III isomer in 64 cases of poliomyelitis. 
The shaded area in the lower left comer represents the normal range. From the paper 
“Coproporphynnuria (type III) in acute poliomyelitis,” by C. J. Watson, Wm. Schulze, 
Violet Hawkinson, and A. B. Baker, Proo. Boo. Exper. Biol, and Med., 64 : 73, 1947. Re- 
produced by permission of the publishers. 

The fact that two virus diseases such as Infectious hepatitis and acute polio- 
myelitis are sharply differentiated on the basis of the urinary coproporphyrin 
isomer distribution, indicates that other virus diseases should be investigated 
in this regard. A study is in progress which will embrace both neurotjopio 
virus affections such as encephalitis and Guillain-Barre’ radiculitis, and those 
which are not neurotropic, such as atypical pneumonia, psittacosis and others. 
At the present time, the literature does not contain any data of this type. It 
is of interrat, however, that in another disease of the brain, namely schizophrema, 
libowitzky and Scheid (56) report that the febrile episodes which are often 
observed, were characterized by an increased urinary coproporphyrin type I. 

Kapp and Cobum (44a) described an increase of urinary copropoiphyrin in 
acute rheumatic fever, thus giving emphasiB and definition to the observations of 
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MacMuim on urohematin (56), and of Garrod (27a) and Stok\ds (86b) on 
hematoporphyrin, many years earlier. Kapp and Cobum were able to isolate 
copropoiphyrin III from the pooled samples of a number of cases. Kapp (44b) 
noted that the coproporphyiin was excreted in considerable part as the 
complex. In sovciul instances “sudden fatalities were preceded by intense 
porphyrinuria.” In addition Kapp and Coburn state “the exerction of ab- 
normally largo amounts of poiphyrin in acute rheumatism bore no relation to 
fever, haematuria, or the use of therapeutic measures per se ” No mention 
was made in these papers of the use of salicylates or amidopjTune, although 
Dobrinor and Rhoads (16i) state that Kapp and Cobum’s patients were receiving 
these drugs at the time of the porphyiin isolation. Brownlee (8a) showed that 
amidopyrine, amongst other drugs of the coal tar group, produced copropor- 
phyrmuria type III in rats. So far as can be determined, the effect of salicylates 
on porphyrin excretion has not been investigated. Watson and Hawkinson* 
have foimd moderate and variable increases of urinary copropoiphyrin in acute 
rheumatic fever. These increases, however, were composed in aU instances 
of the t 3 T)e I, rather than the t 3 rpc III isomer. The possibility was considered 
that the basis of the increase was a febrile or toxic effect on the liver. The 
administration of salicylates was without definite effect on the porphyrin ex- 
cretion, no increases of type III isomer being observed. 

Porphyria and idiopathic coproporphyrinuria. As noted at the outset, the 
entity of copropoiphyrin was first established by H. Fischer w^ho isolated it, 
together with uroporphyrin, from the urine of Petry, the celebrated case of 
porphyiia (24a). This copropoiphyrin was subsequently classified as the type I 
isomer (24o). Copropoiphyrin III was likewise first obtained from the urine 
of a case of poiphyiia of the congenital, or light sensiUzing variety (24e, f; 
96a). Experience has revealed, however, that this latter finding is somewhat 
exceptional and that it is more common to find the type III isomer in the urine 
of the so-callod acute type, i.o., that which is characterized by abdominal or 
nervous manifestations, while the type I isomer is most often encountered in 
the light scnfdtivo variety, such as represented by the case Petry. The idea 
has even been advanced (62; 78a) that a strict chemical separation of the two 
typos might be made on a chemical basis, but it is evident that there are too 
many exijoptions, instances in which copropoiphyrin I was isolated from the 
abdominal or nervous type (11a; 24j; 101), and copropoiphyrin III from the 
light sensitive type, both in human cases (24f ; 96d), and in cattle (73a, e), or, 
os in certain casos, both isomors in approximately equal amount (16b; 96a). 
Thus the case of van den Bergh and Groteposs (90a) was an instance in which 
photosensitivity was prominent, and which is also of much interest because of 
coproporphyrinemia and the presence of large amounts of the two copropoiphyrin 
isomers in the feces, \vithout a definite increase in the urine. In this case, 
Grotepass and Defolque (33c) were able to achieve isolation only by collection 
and concentration on infusorial earth, over a long period of time. Taylor and 

* Unpublished. 
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co-workers (91) have recently isolated both isomers I and III from a case of 
“chronic” porphyria in which the prominent clinical features were abdominal 
pain and akin lesions due to photosensitivity. As mentioned at the outset, 
the term porph^yria connotes the formation of uroporphyrin, for which there 
was no e\’idence in either of these last two cases. At present the question 
cannot be answered as to whether such cases differ fundamentally from porphyria 
or represent simply an unusual variation of the disease. As noted in the fol- 
lowing it is even more diflicult to classify certain instances in which large excesses 
of coproporphyrin are excreted without co-existence of any of the usual symptoms 
of porphyria. 

The separation of the two main clinical types of porphyria on the basis of 
isomer I or III excretion became still furtiier complicated with the finding that 
the WaldenstrSm porphyrin, which had come to be regarded as uroporphyrin III 
(11a; 60b; 99a, b, o) is actually a complex mixture of uroporphyrin I and of a 
type III porphyrin which may have seven rather than eight carboxyl groups 
(32c; lOOq). The WaldenstrOm type porphyrin has only been encountered in 
the urines of cases of the intermittent, acute porphyria and may imdoubtedly 
be regarded as a distinctive feature of this form of the disease, although not as 
an isomer of uroporphyrin I. 

Waldenstrom (99c) stated that in the acute tj^pe of porphyria little or no 
coproporphyrin was to be foimd in the urine and that for this reason he had not 
isolat^ it. In two cases in which tuoporphyrin w’as isolated from the urine, 
Waldenstrom obtained coproporphyrin I from the feces. H. Fischer and 
Libovitzky (24j) had previously found both iiro- and coproporphyrin I in the 
urine of a case of acute porphyria. In the cases studied by Mertens (60b) 
and Bingel (4a), the daily amoimt of uroporphjTin in the urine ranged from 
50-100 mgm., while the coproporphyrin approximated 1 mgm. Recently 
Brunsting and Mason (10b) described a case of porphyria of mixed type 
characterized by epidermolysis bullosa, pigmentation of the skin and neuropathy. 
During one 24 hour period this patient excreted 11.4 mgm. of uroporphyrin and 
2.0 mgm. of coproporphyiin. Uroporphyrin I was identified, but the isomer 
type of the coproporphyrin w'as not determined. lYhile the concentration 
of coproporphyrin in the ruine of cases of intermittent acute porphyria is 
thus comparatively sli^t, it usually sufiSces to permit isolation from relatively 
small volumes. Representative data from a number of cases ore given in table 2. 
Actually a number of other cases studied exhibited equal or greater concen- 
trations of coproporphyrin but in ti:^se mstances it w'as not quantitated, the 
main attention being ^ven to isolation of the WaldenstrSm porphyrin (32c; 
lOOq). 

In certain cas^, as for example no. 9 in table 2, the amount of coproporphyrin 
considerably exceeded that of urcporphyzin. The reason for this is not clear. 
The data in this case, over a considerable period of time, are shown in figure 4. 
As may be noted, this patient suffered a spontaneous relapse while in the hospital, 
for which no precdpitating factor was ascertained. During this relapse it is 
seen that the urine was characterized by an inorease of all of the abnormal 
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elements, including the porphobilinogen and porphobilin, uro- and copro- 
porphyrins. It may be noted, too, that the amount of zinc complex was rela- 
tively larger during the relapse. The ingnificance of the combination of uro- 
and copropoiphyrin vdth zinc, is unknown. Giinther (34a) recognized that the 
urinarj'^ porphyrins in cases of porphyria were often partly combined with a 
metal. Derrien and co-workers (16a, b) described zinc uroporphyiinuria and 
even ascribed a protective or detoxifying action of the zinc. So far as can 
be determined this su gg estion has not received further attention. Watson 
and his associates (100k, o, q) have likewise observed the zinc complex of Walden- 

TABLE 2 


Bdatiw amounts of eopro- and uroporphyrin in cases of intermittent acute porphyria 


paiuht HnuBxx 

COPKOPOSHmOM IM 
Y/24BKB 

psKDouDum Tvn 
iBOun 

DxopomsniH or 
r/UHoniB 

1 

144 

(III) 

708 

2 

378 

(HI) 

5,260 

8 

156 

(D 

2,840 

4 

460 

(I) 

83,000 


564 


147,000 


801 


87,000 

5 

160 


608 

6 

182 




260 




312 




800 



7 

807 

(I, HI) 



406 


84,000 

8* 

266 


120 


240 

(in) 


9 (see fig. 4) 

401 

(HI) 

160 


484 


no 


2,682 


412 


1,806 


807 


160 


76 

10* 

182 

(UI) 

61 


* Latent oases; mother and aunt, respootiyely, of case 9. 


strOm’s uroporphyrin as a regular component of the urine In cases of intermittent 
acute porphyria. The data ^own in figure 4 reveal that a considerable fraction 
of the coproporphyrin was likewise complexed with zinc. The possible contri- 
bution of soft gjlass to this complex was excluded by making the collection in 
Pyrex bottles only. The occurrence of tiie zinc complex of coproporphyiin 
is not peculiar to porphyria; Mertens (60a) observed it in the urine in oases of 
lead poisoning, a finding which we can confirm. Thus in one instance tiie 
24 hour urino contained 1686 7 as the metal complex and 1107 7 as free copro- 
poiphyrin. Tho absorption ^otrum and HCl numbers have repeatedly been 
noted to correspond mth those of the zinc complex (24k; lOOq). 
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Dobriner and co-workers (161) isolated a natural ester of copropoiphyrin I 
from a case of congenital poiphjrria. This melted at 261 “C. The KCl number 
was 0.3-0,5 per cent, from which concemtration the compound Aias readily ex- 
tracted by CHCls. While the esterifyirg group could not be identified, it was 
thought to be lipid in character. So far as can be detcmiiued this has not been 
encountered in other cas?s. 

As noted in figure 4, porphobilinogen was present in the urine in association 
with uro- and coproporphyrin. The term poiphobilinogen refers to a chromogen 
which exhibits an Ehrlich aldehyde reaction, and which is believed to be a pre- 
cursor of uroporphyrin and poiphobilin (99c, g). The latter is a brown pigment 
not possessing porphjnin characteristics and formerly referred to as “urofuscin” 



Fig; 4. Acute porphyria; excretion of porphobilinogen and of uro- and coproporphyrin, 
both free and zinc complex, during remission and relapse. M. 9 C. 26 (case 0 in table 2). 

(99c). It has long been known that the urines of cases of “acute” porphyria 
often exhibit on Ehrlich reaction, although M’hether due to urobilinogen or 
porphobilinogen was not deteimined in the past, ^ce a method for differentiating 
these chxomogens has only lately been described (99c; lOOy). Insofar as the 
present subject is concerned, the question arises as to whethei' coproporphjuin 
is likewise excreted at least in part as a porphobilinogen. It is quite clear that 
even marked increases of urinary coproporphyrin are not associated with a por- 
phobilinogen-Ehrlich reaction (lOOy), except in oases of porphyria in which 
uroporphyrin is also present. We have observed but two instances in which 
questionable reactions were encountered, and we have not found any proven 
examples in the literature. This does not, of course, exclude the possibility 
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that some of the coproporphyrin is exa*eted as a chromogeD, but if so it does not 
have the behavior of porphobilinogen as found in the urine of porphyria cases, 
such as shown in figure 4. 

The presence of largo excesses of coproporph 3 udn, or of uroporphyrin, in the 
urine, is not correlated with the appearance of the corresponding porphyrins in 
the blood. In some instances uro- and/or coproporphyrin may be noted. 
Schumm (79a) observed uropoiph 3 uin in a case of congenital porphyria in an 
approximate concentration of 1 mgm. per 100 cc. The urine in thip case con- 
tained both uro- and coproporphyrin I. H. Fischer |and Zerweek (24m) later 
reported the presence of coproporphyrin in the same case; in a separate report 
in the same year, however, they described moporphyrmemia in this case (24o). 
In other cases of porphyria, both congenital (light sensitive) and intermittent 
acute in type, coproporphyrin has been noted in the serum (40; 78d; 96a; 96d). 
We have noted it repeatedly in 3 cases of the latter type, and have not been 
able to detect it in 6 others. 

In one case the amount of coproporphyrin in the serum was determined to be 
20 7 per 100 cc., while at the same time, the 24 hour urine sample contained 
300 7 of coproporphyrin, meat of which was type III. This sample also con- 
tained 1800 7 of uroporphyrin of the WaldenstrSm type melting at 268®C. 
and separating on the CaCO* column into uroporphyrin I methyl ester (284“C.), 
and the 208° porphyrin (32c.). 

The protoporphyrin of the erythrocytes has not been increased in several 
of our cases of intermittent acute porphyria, even during relapses of the disease 
when large amounts of uro- and coproporphyrin were found in the urine. Roth 
(75a) on the other hand studied a case in which the erythroc 3 rtes contained 
74 7 of protoporphyrin per 100 cc., the urine 79 y of coproporphyrin in a 24 hour 
sample. This was classified as an instance of ^'chronic" porphyria (Gunther), 
since abdominal pam was associated with light sensitivity. The presence of 
diarrhea and hypochromic anemia suggest, however, that the moderate increase 
of the erythrocyte protoporph 3 nin was due, not to porphyria, but to iron de- 
ficiency (loop); the value for the urinary coproporphyrin was within normal 
limits. 

The problem of excessivo copropoiphyrinuiia without known cause is of much 
interest. For the time bemg at least, it is believed preferable to claesify such 
oases, in which no uroporphyrin is found, as idiopathic a)proporphyrinuria, 
rather than as porphyria, reserving the latter term to indicate a constitutional 
fault. This is in agreement with the separation emphasised by WaldenstrOm 
(99c). At the same time it is recognised that certain cases excreting increased 
coproporphyrin, without uroporphyrin, may also represent “inborn errors of 
metabolto” (27d). A particularly interesting example of marked copro- 
porphyrinuria without known cause has been stu(hed recently (lOOw). This 
individual had no symptoms whatever, the excesave urinary coproporphyrin 
being noted in the course of a routine study of a large number of workers engaged 
in a special project. The urinary coproporphyrin was consistently in the raiige 
of 1-6 mgm. per day, practically all of whdeh was the type IH isomer. The 
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feces contained larger amountu of the same porphyrin, ranging up to 70 mgm. 
per 100 grams. None was detected in the blood at any time. It was readily 
established that the bile was rich in coproporph 3 nin III, but whether due to 
an enterohepatic circulation of porphyrin, could not be established. It appeared 
unlikely that an abnormal bacterial flora in the colon constituted an etiologic 
factor, since the bowel movements were normal and there were no symptoms 
referable to the intestiiial tract. It was of interest that this man was a chemist 
who had worked in the past with heavy metals, especially lead and merciuy. 
While there were no evidence of metal poisoning, the posribility was considered 
that a marked over production of coproporphyrin III may have been related 
to the effects of heavy metals or other chemicals (vide infra) in an individual 
of peculiar constitution. 

Several cases have been studied (lOOx) in which intermittent abdominal 
pain was associated with moderate increases of urinary coproporphyrin, ranging 
from 120-600 7 per day, with an increased percentage of the type III isomer. 
Nothing was found in these cases to e:!q>lain the increases. The fecal flora 
studied in certain of the cases did not appear abnormal. Nor were the symptoms 
or porphyrin excretion affected by a period on the KSmmerer diet (43b). This 
meat free diet is low in heme and porphyrin and was used by KSmmerer and 
Meyer in a similar case which they studied. Although they believed that the 
addition of liver or meat to this diet caused a significant increase of copropor- 
phyiinuria, the data given are not convincing. 

Barber and Howitt (1) reported several instances of photosensitivity in chil- 
dren, in which an increased fecal porphyrin was observed. It was not at all 
dear, however, that the porphyrin was in any way related to the photosensitivity. 
The type of porphyrin was not determined either in feces or urine and the state- 
ment that porphyrin was increased in the feces was based solely upon spectro- 
scopic studio. Urbach (95a, b) also associated spasticity of the colon and 
dennatitis, e^ecially solar eczema, with increased porphyrin formation in the 
bowel which was ascribed to an abnormal bacterial flora. Quantitative methods 
were not employed in this study. Alteration of the flora toward the normal, 
ascribed to elimination of animal protein from the diet, was said to result in 
marked improvement. Haraoghy (36) reported an interesting case characterized 
by abdominal colic and circulatory disturbances. The urinary porphyrin was 
not increased but there was a marked increase in fecal porphyrin (type not 
mentioned). This was believed depmdent on an abnormal flora which was 
£jmost wholly gram-negative It may be noted, however, that there were 
bleeding intestinal ulcers in the case, which may well have been significant 
from the standpoint of porphyrin formation. 

The study of i^tlinger and EQee (72) is of interest with respect to the posrible 
relation of copropoiphyrin to abdominal colic, althou^ it does not aid in de- 
termining the origm of the porphyrin. This study showed that very dilute 
solutions of coproporphyrin I instilled into exposed loops of rabbit intestine 
caused prolonged spastic contraction which was rehaotory to atropine. 

The ^ect of chemicale and metale. In this group the effect of lead peusoning 
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was the first to receive study, increases in urinary poiphyrin being observed 
by Garrod (27a, c) and Stokvis ( 86 a) in human cases, and by Stokvis in e:q)eri- 
menlal lead poisoning in rabbits ( 86 a). The latter investigator believed that 
the porpliyrin was derived from hemo^obin in the intestinal tract, which in 
turn was liberated by virtue of mucosal hemorrhages. In later studies (vide 
infra) it has been shown repeatedly that copropoiphyrin III is the porphyrin 
which appears in the urine in excess, and, as noted previouriy, the evidence 
for a derivation of coproporphyrinuria III from blood in the intestinal tract is 
very dubious; furthermore, intestinal bleeding is not a feature of human lead 
poisoning. Stokvis* view has not been supported by any subsequent studies 
although it was subscribed to by Brugsch (9d). In sever^ instances the feces 
have contained coproporphyrin I at a time when the urine 3 delded marked 
excesses of the type III isomer (98c; lOOe). 

Schumm (79b) was the first to identify coproporphyrin in the urine of cases 
of lead poisoning, and Grotepass (33b) first showed that it is the type III isomer, 
a finding which Fischer and Duesbeig (24f) reported in the same year with 
respect to experimental lead poisoning in rabbits. Subsequent stupes (16h; 
60a; 98e; l(X)e) have extended and confirmed these observations with the result 
that coproporphyrinuria III has come to be recognized as a regular feature of 
lead intoxication. Gtinther’s belief (34a) that this was of diagnostic value has 
been amply confirmed by later work (25c; 45b; 67; 78e) which has emphasiaed 
its value in industry. Franks and Litzner (25c) found a range of 12 to 181 y 
per 100 cc. of urine in 43 workers, as compared with a normal of 3-7 ; 17 of 
the 43 had concentrations greater than 60 7 per 100 cc., and most of these 
exhibited other evidence of lead poisoning, including basophilic stippling. The 
experience of various investigators is shown in table 3. 

The amounts noted in table 3 ore insufficient, as a rule, to cause a red urine. 
This is, in fact, but rarely noted in lead poisoning. A case in which the urine 
was **port wine’* color was observed by Crawford (14). 

Ehowledge of the effect of other metals on the urinary coproporphyrin is much 
more fragmentary. Considerable increases following mercury have been 
recorded by Vannotti (97b) and by Vigliani and lAbowitzky (98c), but in both 
of these oases there wore confusing complications, viz., a hematuria and hemo- 
globinuria in the former and a cirrhosis of the liver with chronic alcoholism in 
the latter. In Yannotti’s case, there was light sensitivity and both uro- and 
coproporphyrin I were isolated, the daily output of the latter during the period 
of Tmanif ftfri. ffiness ranging from 4 to 12 mgm. Two years later there was still 
li^t sensitiviiy and the copropoiphyrin excretion ranged between 200-1300 7 
per day. The uroporphyrin was found for a short time only during the acute 
poisoning and brings up the question as to whether this was a case of latent 
porphyria in which mercury was a precipitating factor. 

Insofar as the cose of Yighoni and libowiizky is concerned, it has already 
been noted that coproporphyrin III is usually present in excess in cases of dr- 
rhosis in chronic alcoholics, and thus it would be difficult to ascribe the excess 
m this case to mercury. 
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Hoerburger and Fink (39b) isolated coproporphyrin III from the urine of a 
case of salvarsan toxicity which had been studied by Schreus (78c). Subsequent 
studies (10c; 81) have revealed frequent significont increases in patients receiving 
salvarsan, more particularly in cases having exfoliative dermatitis (10c). 

We have recently investigated a case of chronic arsenic poisoning characterized 
by typical hyperkeratoses, peripheral neuritis, and anemia. Arsenic was found 
in marked excess in the hair and urine, and, although the source was never 
proved, there was reason to believe that the patient had been poisoned in- 
tentionally, The uiinaiy coproporphyrin excretion ranged from 1 to 3.2 mgm. 
per day. Since this patient had worked as a filling station attendant, at times 
siphoning tetraethyl lead gasoline and handling batteries, the possibility was 
considered that he also had lead poisoning. The presence of severe anemia and 
basophilic stippling were somewhat more suggestive of lead than of arsenic 
poisoning. The eiythrocyte protoporphyrin in this case ranged from 206-400 7 


TABLE 3 

Urinary coproporphyrin excretion in humane vnih lead pdeoning 


AUXUUJL 

rzK Dmc Maaumow* 

PBXDauKAHr isoms type 

Qrotepass (33a) 

To 8.0 milligrams 

To 1.8 milligrams 

To 1.4 milligrams 

To 1.0 milligrams 

To 3.4 milligrams 

To 6.0 milligrams 

To 2.0 milligrams 

To 8.1 milligrams 

To 1.2 milligrams 

Copro-III 

Copro-III 

‘N’o* 

Schreus Carrie (78®) 

Roth (76b) 

Watson (lOOe) 

Copro-III 

Not HAtArmiTiAd 

Vigliaoi and Angeleri (98b) 

MArfATIA (ACa.) 

Not determined 

Copro-III 

Copro-m 

Not determined 

Vfg^liATii And T.ibnwi+.Kty (dSo) 

VigliAni ATid WAldAnnt.rnm (QSe) 

Eark and Meiklejohn (46b) 



* The values are not entirely comparable, as they are based in some instances on the 
yield of oiystalline ester, and in others on fiuorimetry. 


per 100 cc. of erythrocytes, as compared with a normal range of 10-30 7 (lOOp). 
Data are not available with respect to the erythrocyte protoporphyrin in arsenic 
posisoning. Serum »ad urine lead determinations in this case were just at 
the upper limits of the nonnal ranges and were therefore not diagnostic. 

Certain other investigations of the effects of metals on porphyrin excretion 
in animnls may be mentioned. Thus Sumegi and Putnoky (89) observed that 
Pb, Hg, Bi, Cu, Zn, Fe, Au and Ag caused loss of weight in white rats, together 
with hyperfunction of the thyroid and porphyrinuria. Also mentioned were 
disturbances of liver and renal function. The intensity of these disturbancw 
decreased in general in the order of the metals given. Thyroid hyperfunction 
and disturbance of porphyrin metabolism were greatest with Pb, Hg and Bi. 
These investigators found also that porphyrin alone, injected into rats, caused 
intense thyroid hyperfunction. Because of this they concluded that the por- 
phyrin stimulated centers in the mid brain thus inducing a tbyrotoxicotis. 
Obviously this study is of much intmest and the remits need to be conjSrmed. 
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Recently the effect on the urinary coproporphyrin of lead, uranium, thorium, 
beryllium, lanthanum, zirconium, mercury, and arsenic has been studied in 
both acute and chronic experiments on rabbits (80c). Insofar as lead is con- 
cerned the results of this study have confirmed those of previous investigators. 
Mai’ked increases of t3^e III isomer excretion, often persisting for a number of 
months, wore noted to follow single injections of from 8-50 mgm. of lead (given 
as lead acetate) per kilo of body wei^t. Thorium, zirconium and 1fl.ntha.Tiiim 
did not cause an increase except in RnimRlR which had received lead several 
months previously. Since this was associated with an increased excretion of 
lead, it was postulated that the mobilized lead rather than the newly administered 
metal of other typo, was responsible for the increased coproporphyrin III. 
Uranium was found to cause a marked decrease in coproporphyrin excretion 
during the acute stage of poisoning. This was ascribed to renal injury. Smaller 
amounts were followed by a sustained, moderate increase. Injection of arsenic 
resulted in considerable increases of short duration. 

A considerable literature has accumulated with respect to the relation of 
sedatives to porphyrin excretion and porphyria. The use of sulfonal and trional 
has often been followed by a disease which is indistinguishable from the inter- 
mittent acute porphyria of idiopathic type. Uroporphyrin has been isolated 
repeatedly from the urine. EUinger and Riesser (19) noted a melting point 
of 255-257°C. which suggests a Waldenatrdm type porphyrin such as usually 
encountered in acute poiphyria; Dobriner, however, isolated uroporphyrin I 
from his case (16a). The findings in arumal experiments have been somewhat 
confusing. Stokvis (8Ga) first noted an increased urinary porphyrin excretion 
in rabbits and dogs, following sulfonal. Fischer and Duesberg (24f) identified 
uroporphyrin spectroscopically, in urine from sulfonal poisoned rabbits. 
Waldenstrdm and Wendt, in a later study (99d), found only coproporphyrin III. 
It was of interest in this study that dimethylsulfon-dimethylmethane, which 
differs from sulfonal only in having non-hypnotic methyl rather than hypnotic 
ethyl gi’oups, was just as effective in increasing the urinary coproporphyrin. 
Neubauer (66) had boon aware of the similar effect of both compounds many 
years earlier, although designating the porphyrin as hematoporphyrin. Walden- 
strfim (99c) has shown that trional can precipitate attacks of typical acute 
porphyria in members of the family of individuals in whom the disease had 
previously been diagnosed. This emphasizes the question, as yet not answered, 
whether sulfonal and trional porphyria represent merely a precipitation of a 
latent, constitutional disease. 

Brugsoh (9d, e) noted distinct, althou^ not marked, increases of urinary 
cpproporphyidn in patients receiving paraldehyde, chlordlhydrate, arnyUne 
hydrate, and morphine, but not after therapeutic doses of barbiturates. According 
to LaulDendcr and Monden (54) the urinary porphyrin excretion in rabbits is 
not increased by feeding of barbiturates. Duesbcig (17b) and Haxthausen 
(38) both reported individutd instances of acute porphyria following use of 
barbiturates. In the latter case phenobarbital had been taken, and it appeared 
that there was complete recovery following cessation of the drug. In Duesberg’s 
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case uroporphyrin was tentatively identihed. The possibility must be con- 
sidered, as in the case of sulfonal and trional, that the barbiturate was only a 
precipitating factor in a latent, constitutional disorder. Plichler (18) and 
Brugsch (9d, e) believe that latent disturbance in poiphyrin met^ibolism 
characterized only by mild ner\’0UH and mental disorders, may be exaggerated 
to the point of outspoken or fatal porphyria by the use of sedatives. 

The effect of sulfonamides and other aromatic amines on the lu-inary copro- 
porph3'rin lias been studied in some detail. Significant increases have often 
been observed following sulfanilamide administration to himians f73d; 84), 
especially where toxic reactions were encountered (10a, c ; 21 ; 100m) . Rimington 
and Hemmings (73c) noted marked increases in the urine and feces of rats 
receiving large amounts of sulfanilamide. This was true, also, with many other 
aromatic amines which thej’’ tested. Similar results were obtained bj' Brownlee 
(8a), who studied sulfanilamide, acetanilide, phenacetin, phenazone, amido- 
pyrine, aspirin, and p-aminophenol. In both of these studies the excessive 
cqproporphyrin Tiras shown to be the type ITT isomer. It was postulated that 
this was derived from methemoglobm, the latter being formed by the oxidative 
action of the chemical (see Brownlee’s paper (8a) for further discussion). This 
possibilit}’ will be considered later. 

Penew and Tropp (G8) reported increased uiinary coproporphyrin excretion 
in humans following ether or nitrous oxide anesthesia, and in some instances 
after novocain (local) anesthesia. The increase in aU of these cases was thought 
to be related to transitory liver injury, classified by them as a “serous inflam- 
mation.” Tropp and Penew (93b) noted a laige amount of coproporphyrin in 
the urine of an individual poisoned with illuminating gas. The isomer type 
was not mentioned in either of these papers. 

The effect of carbon tetrachloride upon the urinary coproporphyrin has 
not been discussed in the literature. In a case of acute poisoning obser\'cd 
recently, a marked inci’ease of the type III isomer in the urine was determined. 
Tbis patient, however, wfts a moderate alcoholic so that the Ending is somewhat 
more difficult to interpret. Thus it was found that the patient excreted 373 7 
in 24 hours shortly after admission; 66 per cent of this was the type III isomer, 
as determined by the differential precipitation technique. Gillam and Kenoh 
(29) studied a case of severe methyl chloride poisoning eliaracfcerized clinically 
by delirium, convulfidons, and tremor. Marked increasos of coproporphyrin III 
were isolated both from the urine and feces. A rapid decline in the amount oc- 
curred as the patient recovered. There was no ajiemia at any time. 

The effect of alcohol on the urinary coproporphyria has already been discussed 
in the section relating to liver disease, particularly the cirrhoris of chronic 
alcoholics. 

Sim diseases and phetoaensitiviiy. The fundamental aspects of photcMsensiii- 
zation by the porphyrins have been diswussed in detail el^where C6a, b; 37b, c; 
87a, b; 97o), and will not be considered here. Bi the main, outspoken photo- 
sensitivity has been a feature of oongeoital porphyria (uroporphyrin excretion) 
and has been noted but rarely in cases where ooproporphyrin alone was observed 
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(vide infra). This is in accord with the observation of Fischer (2k;) that in 
warm, blooded animals, the degree of photoBensitizing ability of the naturally 
occurring porphyrins is correlated ndth the number of carboxyl groups. Thus, 
uroporphyrin with ci^t is the most effective, coproporphyrin with four less 
so, and proto- and deuteroporphyrins with two each, not at all. On the other 
hand, the artificial hematoporphyrin, which also has but two carboxyl groups, 
is rather strongly light sensitizing both for man (24o; 01 ; 88) and animals (4b; 
26; 28; 37b, c, b). Dobriner and Rhoads (16i) give the order of photosensitizing 
effect, as judged by the severity of “light shock” (24c) produced in white mice, as 
follows; 'fiiematoporphjrnn 9 (type III), uropoiphyrin I, deuteroporphyrin 9 
(type III), coproporphynn I, and protoporphyrin 9 (t 3 T)e III). Coproporph 3 ’^rin 
type III seems to be but slightly tojdc and uropoiphjnrin ‘type III’ non toxic.” 
Buigel (4b) also reported that coproporphyrin III is leas sensitizing than 1. 
Gildemeister (28) found that the uroporphyrins combine with the serum albumin 
fraction, but that coproporphyrins I and III do not. This is of obvious interest 
when it is remembered that blood serum has been reported to be protective 
against phntosensitization (71 ; 82). Shibuya (82) found, however, that serum 
was also protective against the photosensitizing effect of coproporphyrin. 
Fischer and Zerweck (24in) had previously' reported a protective action <hi the 
part of the brown pigment (urochrome) of normal and patholo^cal urines, a 
compound which they believe was derived from protein. Mertens (60b) 
correlated the chemical findings in the urine with the presence or absence of 
photosensitivity, in the cases of poiphyria reported up to the time of her paper 
(1937). .Vll of these but two, i.e., the cases of van den Bergh (90d), and of 
Fischer and co-workers (241), excreted uroporphyrin. The two exceptions, 
interestin^y enoufdi* both excreted coproporphyrin III, a fiuHing in some con- 
flict with the experimental results already referred to. As mentioned previously, 
the case of chronic, porphyria recently reported by Taylor and co-workers (91) 
exhibited marked photosenaitimty, yet the mine was said not to contain uro- 
porphyrin. Both coproporphyrin isomera wore identified. The case of Grote- 
pass and Defalque f33c) appears to have been of the same type. The relation of 
coproporphyrin to the photosensitivity in these and other di8e.ase states is not at 
all dear. The. case of idiopathic ooproporphyrinuria cited earlier, in which 
unusually large amounts of tho type III isomer were excreted, yet without 
manifestations of any kind, attests to the dijQficulty of the problem. Photo- 
sensitivity in certain skin diseases has been linked by certain investigators with a 
secondary ooproporphyrinuria. Thus it has been su^sted repeatedly iiiat the 
dermatitis of pellagra is related to photosendthsition by coproporphyrin (2; 3; 
20 ; 59 ; 86). The methods used in these studies were not specific for porphyrin, 
and in faot it is oleg§ that the color measured by the technique of Ellinger and 
Dojmi (20) is mainly due to formation of mrorosein from indolacetic add, rather 
than to porphyrin (lOOi, j, 1). In alcoholic pellagra considerably increased 
amounts of coproporphyrin have been encountered in the urine (16k; 74; lOOi). 
This has been identified as coproporphyrin III and has been noted to decline 
after niootinic acid therapy and abstinence from alcohol (16k; lOOi). As oh. 
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served earlier, however, this decline is quite usual in the ordinary alcoholic who 
stops drinking and resumes eating. Significant increases of coproporphyrin 
have not been found in endemic pellagra, cither in urine (45a; lOOi, 1) or feces 
1001). Ralsky (70) reported an increased porphyrinuria in aged subjects and 
ascribed it to dietary deficiency, but again the method employed was that of 
Ellinger and Dojmi (vide supra). The question of increased copropoiphyiinuria 
in other diseases in which involvement of the skin is prominent has been reviewed 
by Dobriner (16i) who found conflicting reports concerning such conditions as 
erythema multiforme, lupus erythematosus, and xeroderma pigmentosum. 
Considerable variability was also evident in the rather extensive study of 
Brunsting and co-workers (10c) . It may be noted with respect to this study that 
of nine cases of so called “eczema or urticaria solare”, only two exhibited in- 
creases of porphyrin excretion and these were but slight. Goeckermaim, 
Osterberg and Sheard (30) had previously noted a considerable increaso in one 
such instance. Thus it appears that, as in hydroa aestivale seu vacciniforme, 
the porphyrins are implicated in some but not aU cases of solar eczema or 
urticaria. 

Origin and significance. It may be well in conduding this review to attempt to 
correlate what has gone before in terms of the more fundamental aspects of the 
coproporphyrins, i.e., their site of formation and functions. The evidence, 
however, is too scanty to permit conclusions and it is only possible to summarize 
the existing knowledge and theories. 

It is dear that the coproporphyrins are easily synthesized from “niedrige 
Bausteine” by unicellular organisms, viz., yeast cells (24g, k, n), and various 
types of bacteria (11 ; 13 ; 42; 57). In this connection, it is of interest that yeast 
cells undergoing autolysis manufacture copropoiphyrin I without reducing their 
formation of protoporphyrin 9 (type III) (24g). Bacteria, on the other hand, 
synthesize coproporphyiTn III (42; 63a, b), at least insofar as is known at present. 
The significance of this difference has not been determined. Whether the syn- 
thesis of copropoiphyrin is as easily achieved by animal cells is unknown. Re- 
cent studies have shown that protoporphyrin, at least, is readily formed from 
such simple precursors os acetates and glycine (4c; 81a). The transition to 
coproporphyrin is theoretically rather easy, requiring merely the addition of 
formic acid to the vinyl groups of protoporphyrin (241). van den Ber^ and his 
co-workers (96c) believed they were able to prove the occurrence of this transition 
in liver perfusion e3q)eriments, but their results could not be confirmed by Watson 
and co-workers (77; lOOn). 

Borst and Kfinigsddrffer (7) observed coproporphyiin in the megaloblasts of 
embiyonie bone marrovr and of the bone marrow in the case Petry in whom per- 
nicious anemia was said to have been important in the tause of death. The 
subsequent finding of an increased excretion of copropoiphyrin I in pernicious 
anemia (16h, g, 1; 98c; lOOf), hemolyUc anemias (16a, d, m; 100b), and re- 
generarive post hemorrhage anemias (16h), aU of whidi are characterized by 
inoreased, albeit differing varieties of erythropoiesiB in the bone marrow, led to 
postulation that formation of copropoiphyrin I is proportional to the rate of 
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erythropoiesis (16d, h, m; lOOf). Rimington (73e) and Dobriner and Rhoads 
(16g) advancsed the theory that coproporphyrin I is formed as a by-product of 
hemoglobin synthesis, Rimington (73e) suggesting a nonr aJ ratio of 10,000 of type 
III (protoporphyrin) to 1 of type I (coproj^orphyrin). The constant proportion 
in rate of formation of these two porphyrins noted by Dobriner and Rhoads led 
them to suggest, quite similarly, that “the tw'o substances are not synthesised 
independently but ai’e products of the same chemical process”. As shown in 
figure 5, they postulated that two dipyrrylmethenes, A and B, are the precursors 
of both types I and III porphyrins. The main synth^is proceeding to the 
protoporphyrin 9 of the hemoglobin molecule would thus depend upon coupling 




Fig. 6. Scheme of formation of hemoglobin and the coproporphyrine aa according t(r 
Dobriner and Rhoads, J. Clm. Investigation 17 : 95, 1935. Reproduced by permission of the 
publishers. 


of two molecules A and B while the formarion of coproporphyrin I would depend 
upon coupling of two molecules of A, It is further seen that two molecules of B 
would form a type II porphyrin. As sdready noted, however, there is no evidence 
for the occurrence of the latter type in nature. The scheme shown in figure 5 
does not attempt to answer the question as to whether copropoiphyrin I i& 
formed by direct synthesis or by addition of formic acid to the vinyl groups of an 
isomeric (type I) protoporphyrin. According to Rimiogton’s theory (73e) iron 
is '‘blocked” by certain subs^ces, such as lead, from combination with proto- 
pozphyrin, and the latter, which is time not used in hemo^obio synthesis, is 
converted to copropoiphyiin III. It should be noted that this is regarded as a 
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disturbance in “Aufbau” rather than “Abbau”. The latter, however, would be 
represented by the transition: hemo^obin — ♦ methemoglobm — »• coproporphyrin 
III, which Rimington and Hemmings (73c) and Brownlee (8b) believe to be the 
mode of elaboration induced by the sulfonamides and simil a r chemicals. 
Rimir^on’s theory assumes that porphyrin formation is under an enzymic con- 
trol, the nature of which is such that imder normal circumstances, the above 
mentioned ratio of 10,000 to 1 prevails. According to this, in quite the same 
manner as postulated by Rhoads and Dobiiner, an increased excretion of copro- 
porphjTin I would be e:q>ecled in conditions associated with increased erythro- 
poiesia. Further studies of fecal and urinary coproporphjrrin excretion are 
needed in a variety of anemias having both increased and decreased erythro- 
poiesis. Pioliminary studies (80g) have demonstrated that, in animals having 
diminished erythropoiesis due to radiation, there ore significant decreases in 
coproporphyrin excretion as might be csqpected on the basis of these theories. 
This, however, has not been shown for human aplastic or hyporegenerative 
anemias. 

Rimington’s enzymic theory ascribes the marked increases of type I isomer in 
congenital porphyria to an inborn disturbance in enzymic control of the direction 
of synthesis. The over-production of type III in other cases of porphyria is 
view’ed by Rimington as an abnormality in enzymic control of heme synthesis 
similar to that already referred to for lead poisoning, i.e., a ‘^blocking” of the 
entrance of iron into variable fractions of the protoporphyrin molecule, which is 
then converted to coproporphyrin III. Actual evidence for this, however, is 
lacking, and it should be noted that Sench and co-workers (48) doubt the ‘'block- 
ing” theory because they failed to find any quantitative relationriiip in lead 
poisoning, between hemoglobin metabolism and coproporphyrin III excretion. 

The fundamental position of uroporphyrin and its relation to coproporphyrin 
has not been determined. 11. Fischer (24b) raised the question as to whetW the 
latter was converted to the former by the kidneys, since at that time uropor- 
phyrin had only been obsei^'ed in the urine. Sinco it has been established that 
it is a normal constituent of mammalian embryonic and oarly postnatal bone and 
that it is stiU present in the ossicles of the inner ear in later postnatal life (61a), 
further, tliat in porphyria it is commonly encoimtercd m the feoes (80a; lOOq) 
and in the viscera, especially the liver (7; 24q; lOOq), the important question for 
future studies to answer is whether coproporphyrin formation proceeds over 
uroporphyrin by simple decarboxylation. While urqporphjrrin probably has 
some function in pre- and early postnatal life, the possibility exists that under 
normal circumstonoes in lat^ postnatal life, it is formed and rapidly decor- 
boxylated to coproporphyrin. Porphyria, on this basis, would consist of a 
marked over production of uroporphyrin with varying degree of failure of de- 
carboxylation to coproporphyrin, in different cases. 

The pembility exists, however, that the essential constitutional error in 
porphyria is a further carboxylation of copro- to uroporphyrin. This would 
have to include, of course, an excfflsive production of coproporphyrin find a 
variable efficiency of carboxylation in order to explain cases of the type repre- 
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sented in figure 4. From a strictly chemical standpoint, the primary synthesis 
of uroporphyrin with secondary decarboxylation would appear to be the more 
likely of the two possibilities. This needs fiui:her study as a possible normal 
mechanism of eoproporphyrin formation. 

The possibility of foi*mation of a finction of the luinaiy eoproporphyrin in the 
intestmal tract either from hemoglobin, or as a product of bacterial metabolism, 
at least mider cei-tain circumstances, cannot be wholly excluded. Yet it can be 
said that the contribution from either of these sources is at least quite small and 
that the urinary eoproporphyrin is mainly endogenous. It is probable that 
eoproporphyrin III is formed in small amoimt both from blood in the intestine 
and by certain of the intestinal flora, but the most i*ecent objective studies f53a, b) 
have failed to reveal any appreciable absorption and urinary excretion. It may 
be noted, however, that the discrepancy between these results and those reported 
by Kaunitz (46), is unexplained. Mallinckrodt-Haupt (57) stated that the 
increased eoproporphyrin (I) of the urine in pernicious anemia is derived entirely 
from an abnormal bacterial flora in the colon, the abnormality, in his opinion, 
depending upon the achlorhydria. He implied, in fact, that all of the urinary 
eoproporphyrin, whether noimally or in disease, was derived in this way. As 
already observed, the available evidence indicates that whatever eoproporphyrin 
is formed by the bacterial flora is type III rather than type I, and fiirtW that it 
is very questionable whether this is absorbed. There are in addition, a numl)er of 
other objections to this view, as follows: 

1. The meconium, which does not have a bacterial flora is relatively rich in 
eoproporphyrin I (79b; 99f), a finding which we have confirmed.* Garrod (27c) 
and Gtinther (34a) had previously observed “hematopoiphyrin” in the me- 
conium, and Schumm (79b) first identified it as eoproporphyrin. 

2. The excretion of eoproporphyrin I in the feces and urine of pernicious 
anemia patients decreases sisaificantiy after liver induced remission (16e; lOOd) 
althou^ the achlorhydria and hence the effect on the bacterial flora of the colon 
which Mallinokrodt-IIaupt emphasizes, is permanent. 

3. The amounts of eoproporphyrin I in the feces of hemolytic jaimdice patients 
usually exceed considerably those of pernicious anemia in relapse (lOOd, e, f), 
yet the gastric hydrochloric acid and the bacterial fiom of the colon in this disease 
are, usually at least, quite normal. 

4. If the bacterifJ flora of the intestine were mainly reeponsible for the urinary 
eoproporphyrin, one would have to assume a differing flora in such conditions as 
aplastic or refractory anemia on the one hand from that in infeotiouB hepatitis 
on the other, or in infectious hepatitis from that in poliomyeliris, in accordance 
with the recent findings as referred to in the foregoing. 'While such a difference 
is barely possible, it would appear to be quite unlikely. 

With the possible exception of a derivation of eoproporphyrin HI from meth- 
emoglobin, as discussed previoudy, there is little evidence for, and a great deal 
against the catabolic theory of eoproporphyrin formation. It appears that 

* Unpubliahed. 
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Schreus (78b) was the last to champion this belief, although without offering any 
definite support for it. The earlier investigators, viz., Stokvis, Garrod, Saillet, 
Giinther and others had rather naturally assumed such an origin since, as pre- 
viously pointed out, they had all confused copro- mth hematoporphyrin, and the 
derivation of the latter from hemoglobin, in vitro, was one of the few things 
about the porphyiins that was clearly appreciated in that period. Schi-eus 
(78b, 0 , g), and Carri6 (11), although weU aware of the nature of the copro- 
porphyrms, believed that they were derived from hemoglobin destruction prin- 
cipally because of the speed of increase in the urine after onset of the disease 
process, and because of their data indicating a proportionality between rate of 
blood destruction and amount of coproporphyrin excreted. Insofar as the type 
1 isomer is concerned, it is clear that tins could bo related just as well to the 
rate of erythropoiesis, as emphasized by the theories of Eimington and Dobriner 
(vide supra). Furthermore, the data of others (48 ; lOOe) have not revealed corre- 
lation between the rate of hemoglobin catabolism and the excretion of copro- 
porphyrin III either in urine or feces. 

Kldver’s discovery (51a, b) of the regular occurrence of small amounts of 
coproporphyrin in the central nervous s^tem of warm blooded animals, and the 
tentative identification as the type III isomer together with the increased ex- 
cretion of this isomer in poliomyelitis, lead one to question whether the urinary 
porphyrin may be derived at least in part from that of the nervous system. The 
different orders of magnitude of the concentrations in the brain and the urine 
speak against this possibility, but perhaps do not exclude it. Nothing is known 
of the rate of formation of copropoiphyrin, and if Granick and Gilder’s hypothe- 
sis (31) is correct, that coproporphyrin may serve as a regulator of oxygen con- 
sumption by living cells, it would be conceivable that nervous tissue might pro- 
duce and liberate it much more rapidly under certain circiunstances. As yet, 
nothing is known as to possible alterations of central nervous system copro- 
porphyrin concentration in disease. 

T^or to Klilver’s discoveiy, Keilin (47) had suggested that cytochrome mi gh t 
be the parent substance of coproporphyrin. Kliiver (61b) pointed out, however, 
that the areas rdative'y rich in cytochrome were poor in coproporphyrin, or 
devoid of it entirely, and vice versa. 

Reasons have been given in the foregoing for ascribing the increased urinary 
coproporphyrin I in hepatitis and many cases of cirrhosis, to hepato-ceUular 
functional impairment. It is impressive, however, that a chronic alcoholic with 
advanced cirrhosis and ob^ious liver functional impairment, usually does not 
excrete increased type I, but rather a considerable amount of the type III iso- 
mer. One may contrast two cases of cirrhosis exhibiting about equally severe 
disturbance of hepatic function in other respects, one, a chronic alcoholic ex- 
creting 150 7 of type IH and but 60 of type I, the other, a non-alcoholic \^hose 
oiiThosis followed an infectious hepatitis, excreting 175 y of type I and 16 y of 
type III. This suggests that various di^ase agents drive or direct the copro- 
porphyrin formatioa one way or the other, and that there may be a closer rela- 
tion^ip between the formation of the two isomers than hitherto considered. 
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Further studies should seek to determine whether there is a balanced production 
of the coproporphyrins normally favoring type I, and whether disturbances in 
this ratio are subject in part to constitutional factors. The latter appear requi- 
site to explain the striking differences thus far encountered in such well defined 
entities as Hodgkin’s disease and hemochromatosis. At the some timfi it is 
recognized that other and as yet unknown factors may be responsible. 

Thus the exact site and mode of formation of the coproporphyrins and their 
physiological r61e, re main in doubt. It would appear that microfluorospec- 
trometry and the use of synthetic porphyrins containing C 14 , are of most prom- 
ise for the immediate future investigation of these questions. 
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BODY SIZE AND METABOLIC RATE 
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Division of Animal Husbandry, ColUge of Agriculture, University of California, Davis 

Correlation between body size and metabolic rate. GUnther (1944) 
introduces a recent review on body weight and metabolic rate ■with a motto which 
starts as follows: 

“It is believed that far greater progress will be made by discarding all thoughts 
of a umfonnity in heat loss and emphasizing the non-uniformity in heat 
production. . . 

The sentence is a citation from Benedict’s book, Vital Energetics (1938, p. 194). 
It is rather difficult to understand how forgetting all thoughts of uniformity 
and empliflfiiinng non-uniformity can stimulate a compaiTlson of metabolic rates 
of large and amall animals. Any comparison presupposes a common basis, and 
if I were convinced of the “futility of attempts to discover a unif 5 dng principle in 
metabolism” (Benedict, l.c., p. 178) I should not attempt to wiite a review on the 
relation of body size and metabolic rate. 

The reader can be expected to spend time on this review only when he can be 
convinced that body size and metabolic rate are actually related. That these 
two variables are related is in fact common knowledge. 

Does a hoiBe produce more heat per day than a rat or do some rats produce 
more heat than do some hoiees? Almost anybody who understands what is 
meant by “heat production per day” will not hesitate to give the correct answer 
and will even be convinced that the daily rate of heat production of men or sheep 
is greater than that of rats, but smaller than that of hors^. Thus most people 
(among those who understand the question) are convinced that in general the 
bigger homeotherms produce more heat per day than the smaller homeotherms, 
that, in other words, the metabolic mte of homeothenns is positively correlated 
to body size. 

The answer to the next question: “does a horse produce more heat per day 
per kilogram of body weight than a rat?” requires some biological training. Most 
biologists, however, will not hesitato to answer that the rate of heat production 
per unit body weight of the big animal is less than that of the sm al l animal. 

The positive con’elation between metabolic rate and body size, and the nega- 
tive correlation between metabolic rate per unit weight and body size, establish 
two limits between which we expect to find the rate of heat production of a horse 
if we know the rate of heat production of a rat. We expect the metabolic rate 
of the horse to be somewhat between that of the rat, and that of the rat times 
the ratio of hoise weight to rat weight, provided of course that we do not regard 
these two correlations os simply accidental. 

If wo are firmly convinced that the metabolic rate of horses, and other homeo- 
thenns of similar size, is never outside these two limits, then wc admit to recog- 
nize a natimil law between body size and inotabolic rate. The firmness of the 
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convictioD, or the probability of beisg correct, rather than the range within 
which we predict a result, justifies the term “law.” 

For the usefuln^ of a law, however, the accuracy of prediction is important. 
We may attempt to formulate the relation between body sis» and metabolic rate 
more precisely than “somewhere in the range between rate per animal and rate 
per unit weight.” 

Encouraging for such attempts is the fact that the correlation betw^n meta^ 
bdic rate and body weight is, indeed, rather high. For 26 groups of mammals, 
dealt with particularly in this review, the coefficient of correlation between the 
two variables amounts to +0.98. 

This high correlation involves standardization of conditions imder which 
metabolic rates are measured. The standard metabolic rate should be measured 
while the animal is in a post absorptive condition, and kept within the range of 
metabolically indifferent environmental temperature. 

The task is to fmd a metabolic body size which is chosen so that the metabolic 
rate per unit of this body size is the same for large and small animals. 

The square meter of body surface is such a unit which allows a more accurate 
prediction of metabolic rate than the two limits mentioned above. The surface 
area of animals is, however, ill defined, and relatively recent results indicate 
that the metabolic rate per unit surface area tends to be greater the larger the 
ftT>iTn«.lR (Kleiber, 1932). Among the 26 groups of animals chosen for discussion 
in this review the metabolic rate per unit of the 2/3 power of body weight (which 
roui^y represents surface area) has a highly significant correlation to body 
weight. The correlation coefficient amounts to +0.71 . 

Such correlation disappears when the metabolic rate is divided by the 3/4 
power of body weight. The unit of the 3/4 power of body weight, kg.*/*, is 
therefore a suitable unit of metabolic body size. 

Fasting homeotherms under standard conditions produce daily an average of 
about 70 kcal. of heat per kg.*/* or 3 kcal. per kg.*/* per hour. 

The unit of metabolic body size is of great interest in comparative physiology. 
It permits an expression of the metabohc level of an animal independent of its 
body size, and it makes possible the comparison of a particular metabolic level 
with the interspecific mean of 70 kcal. per kg.*/* per day. 

Such a comparison, furthermore, permits for example the statement that the 
metabolic rate of a 70 ton whale estimated by Irving, Soholander and Grin- 
ndl (1941) is high in comparison to that of other mammals (whereas the 
whale’s rate per kg. is only 1/10 that of a mouse). Such a comparison, made 
poEsdble by the use of metabolic body oze, may stimulate research to establish 
the conditions producii^ that high metabolic rate. It may lead, for example, 
to a comparison with the metabolic rate of Eskimos which also is at a relatively 
hi^ level (Eabinowitch and Smith, 1936). The unit of metabolic body size 
is further useful in evaluating levels of food intake in animal production, and in 
classifying farm animals with regard to their efhsiency as food utilizers. Food 
requirements and dosages of most vitamins and drugs may be expressed in 
terms of metabolic body size. 
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This review is limited to Tnarri Trials. The coDclusioDs are, however, also appli- 
cable to birds whose metabolic level was found to be in liTia with the Tnfl.TnTnfl.Hft.n 
metabolic level (Kleiber, 1932). More recent results confirm the metabolic 
similarity of these two groups of homeotherms. From data published by Dukes 
(1937) one may calculate that the metabolic rate of h e n s is 73 kcal. per kg.*^* 
A rule of body size and metabolic rate, very similar to that for mammals and 
birds, has also been noted in heterotherms such as the crab by Weymouth and 
his co-workers (1944). 

The discovery or tbdb sdrpacb law. The metabolic rate (heat production 
per unit of time), in particular the basal metabolic rate of humans, is generally 
expressed in kilocalories per square meter of body surface. This procedure is 
based on the theory that in animals of different body size the metabolic rate is 
proportional to their respective surface areas. This theory, called the surface 
law, is now a little over a century old. It has its roots in the time when a 
vigorous belief in the power of reason inspired men to explain nature's airna and 
means. A good deal of a new theology was then evident in teleological scientific 
discussions. A theology in which Nature, as a bright goddess, revealed her aims 
and ways to a scientist as a more stem and sombre Lord had revealed His aima 
and wishes to the nonscientifio or antisci^tific priests. 

Samis, a professor of mathematics, and Rameaux, a doctor of medicine and 
of science, both in Strasbourg, had Thillaye read a thesis to the Royal Academy 
of France during its meeting cf July 23, 1839. 

The authors apparently take it for granted that it is nature's aim to make 
the rate of heat production of large and small animals in proportion to their 
respective surface areas or the 2/3 power of their body wei^ts. They then 
calculate how nature achieves this aim by modulating the frequency of heart 
beat and the stroke volume, always choosing the middle way between two possi- 
bilities. Their bade theory is worth being quoted: (p. 1098) “Lorsque la nature 
peut attaindro un but par plusieurs moyens, elle n’emploie jamais exclusivement 
Pun d’eux jusqu’aux limites, elle les fait concourir de manibre que chacun de ces 
moyens tend b produire une part ^gale de I'effet total." 

(When mature can achieve an aim by various means she never uses one of 
these means exclusively to the limit, she makes these means compete so that 
each one of them produces an equal part of the total effect.) 

Bergmann and Leuckart (1855) concluded from measurements of Regnault 
and Reiset that the metabolic rate per unit wdght was especially great for small 
animals. In four days sparrows consumed as much oxygen as they weighed. 
This today would be considered a very high metabolic rate, about four tim^ as 
high as the rate observed in a sparrow by Benedict (1938). Richet (1889) dis- 
covered “aprbs coup," that is empirically, that the metabolic rate per unit weight 
of rabbits increased consistently as the body weight decreased (p. 220). 

The metabolio rate per unit surface area, however, was unaffected by body 
size, so Richet concluded that, for metabolic rate, surface area was more impor- 
tant than body weight. Simultaneously Rubner (1883 cit. by Krc^ 1916, 
p. 133) noted a systematio decrease of the metabolic rate per unit wd^t of 
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fasting dogs as the weight increased from little dogs of 3 kg. to big specimens 
of 31 kg, body weight. 

When the metabolic rate was expressed per square meter of body surface, 
however, the effect of body size disappeared. From this and similar observa- 
tions, Rubner deduced his simple rule that fasting homootherms produce daily 
1000 kcal. of heat per square meter of body smface. 

Richet’s and Rubner’s intraspecific obseiwation of the surface law was con- 
firmed by interspecific comparisons. The best known table showing this surface 
law of metabolic rate is that published by Voit (1901). A 441 kg. horse produces 
over 948 kcal. daily per square meter of body surface, a 64 kg. man 1042, a 15 kg. 
dog 1039, and a 2 kg. hen 1008. So well established appeared the surface law 
that data which did not confirm it were either explained by paiiicular conditions^ 
or discarded as i-esults of faulty measurements. Thus Lee (1929) suggests that 
Mitchell’s rat surface is too high iTccause it makes rats disobey the surface law. 

The “true” body surface area. Laige and small bodies of similar shape 
have surface areas in proportion to the squares ot their linear dimensions or the 
2/3 power of their volumes. If the two bodies have also the same density, 
then their surface areas are also in propoiHon to the 2/3 power of their weights. 

In this general way Samis and Rameaux undeistood the surface area of ani- 
mals. Richet apparently preferred a definite surface that could be visualized. 
He calculated the siuface area of bis rabbits from their weights assuming they 
were spheres with a density of 1 kg. per liter. The surface area of such a sphere 
is 4.84 square decimeters when IT is the weight in kilograms. 

Considering that the animals are really not spheres, Meeh (1879), working 
under 'Vierordt, substituted in Richet’s formula for the factor 4.84 a term, k, 
which is constant only vithin a group of similaily shaped animals but differs 
according to the shape of the animal. 

By measming animal surfaces and weights one may determine the Meeh con- 
stant empirically and then calculate the actual surface of similar animals as 
S = jfiC-Tr*/*, where TT is the body weight in kilograms and the surface area 
in Bquai*e decimeters. A set of Meeh constants is given by Lusk (1928, p. 123). 

The surface of man averages 12.3 square decimetera pei' unit of the 2/3 power 
of body weight (kg.®^). For slim people the Meeh constant would be higher 
than this average, for stout people lower. Du Bois and Du Bois (1916) de- 
veloped a formula which allo^vs calculating the actual surface area of stout and 
slim human beings more accurately than does the Meeh formula. 

Du Bois’ formula roads: 

S = 71.84 S = Surface area in cm.® 

W — body weight in kg. 

L = body length in cm. 

It is probably the beat method of estimating the “actual” surface area of man. 
Du Bois’ formula is dimensionally correct and is therefore valid for any size, 

1 Rabbits produced daily only 776 koaJL. of beat per square meter; subtraction of tbeir car 
surface, however, brought their metabolic rate up to the more legal levd of 917 kcal. 
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as it should be. (Dimensionally correct means that the surface area is expressed 
in terms of the 2/3 power of the volume or in the square of the linear dimen- 
sion.) 

Since for similar bodies L is proportional to the mean linear dimension, Du Bois’ 
formula for comparison of large and small humans of the same relative stature may be 
written as 

8 «» kiW^ T« vtrhich amounts to ki'ki‘W (« «• + owj or kikyW*f* 

Some later formulas for the calculation of surface area from the weight are 
dimensionally incorrect, such as the Moulton formula for cattle in which the 
surface area is proportional to the 5/8 power of body weight, and particularly 
the formula used by Ritzman and Benedict (1931) for calculating the surface 
area of sheep as proportional to the 0.561 power of body weight. The formula 
may have expressed the surface area of the sheep used for the measurements but 
it is theoretically incorrect for two animals of similar form which differ in size 
(but have the same surface per kg.*/*). The Ritzman-Benedict formula would 
predict too small a surface for the larger of two animals with similar build. 

Many methods have been invented for measuring the surface area of animals. 

In their eagerness to refine the surface measurements, many workers in this 
field seem to have overlooked a major qu^tion: “What is meant by the surface 
area?” Unless this question can be answered definitely, how can one decide 
which of two methods measures the surface more accurately? 

One should obviously know whether or not the “true” surface of a rabbit is 
to include the surface area of the rabbit ears (see Benedict, 1934). As long as 
this question is open, which means an uncertainty of about 20 per cent, what is 
gained by refining the surface measurements to an accuracy of one per cent? 
According to Ijee’s (1929) (see p. 514) argument, the true body siuface is the 
one that makes an animal’s metabolic rate obey the surface law! 

Kleilxjr (1032) pointed out that the various refinements of suiface measure- 
ments and calculations, instead of clarifying issues, led to a more and more 
chaotic situation. 

A great mtiny published results of good work on metabolic rates ai*e practically 
lost for compamtive physiology Ix'causc they are expressed only per \mit of 
surface area, and the authors did not furnish the data which w'ould make a 
compaiison witli other work ijossible. ft Avas stated that the smface area was 
not well enough (lefin<‘d t.o serve as a basis for measiu’ement, and, following 
Ki-ogh’s (1910) suggestion, and in agreement with Stocltzner (1928) and Brody, 
Comfort and Matthew’s (1928), a power function of body weight was suggested 
as the basis of metabolic body size. The 3/4 power was proposed as the best 
fitting function (TUoiber, 1932). 

Since then the situation has not improved. In the Annual Review of Physi- 
ology (TUeiber, 1944) alarm is again expressed as follows: 

“In 10 papers (from 8 laboiutorics) studied for this review metabolio rates of 
rats are oxpreHHe<l per unit of the surface area. Four of the 10 authors did not 
slate how they measured or calculated this area. One multiplied the 2/3 power 
of body weight (in kg.) by 7.42, another by 9.1, a third by 10, to calculate the 
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surface area in square decimeters. C^e author multiplied the 3/5 power of 
body weight by 12.44, and two have calculated a new surface-weight relationship, 
presumably by an intricate logarithmic interpolation between three older ones 
7.42 X 11.36 and 12.44 Ihat — for rat metabolism only — is 

this year’s result of a century of surface law.” 

For man, the formula of Du Bois seems to be so generally accepted that the 
reports do not differ as widely as do those of rats, and clinicians may not have 
the time to develop new surface formulas for every new paper they publish. 
But also with human metabolism the valuable fruit of years of tremendous work 
cannot be used properly for comparative physiology, because the results are 
reported only in terms of the Du Bois surface without the data (height and 
weight) which would mAlrA a recalculation of the original results at least possible, 
even if extremely time consuming. 

The comparisons of metabolic rates merely on the basis of surface area may 
be all a clinician wants. For compirative physiology more basic data are 
necessary. 

In the interest of economy in researdi, physiologists should agree on minimum 
requirements for publication of metabolic data, and among those should be 
body weight and either total metabolic rate or metabolic rate per unit weight. 

Thbobetical vAT.m rrv OF THE suBFACB LAW. il. Thd VQTWua tkeoTtea of 
swface law. The theories advanced for the interpretation of the surface law 
of animal metabolism may be olassiffed into 5 major groups: 

The metabolic rate of animals must be in proportion to their body surface. 

1. Because the rate of Jieat tramsfer between animal and environment is propor- 
tional to the body surface area. 

2. Because the intensity of flow of nutrients, in particular oxidisable material 
and oxygen, is a function of the sum of internal surfaces which in turn is propor- 
tional to the body surface. 

3. Because the rate of supply of oxidizable material and oxygen to the tissues 
is a function of the mean intensity of the blood cwrent, which is proportional to 
the square area of the blood vessels, which in turn is proportional to the area of 
body surface. 

4. Because the composition of the animals is a function of thtir body size. 
The composition may be meant either cmatomicaUyi the larger the animal the 
loweris the ratio of the mass of metabolically active organs to the mass of metaboU- 
cally inert organs; or the composition may be meant chemiccdly: the larger the 
animal the lower its percentage of “active protoplasm”. 

5. Because the cells of the body have an inherent regyirement of oxygen con- 
sumption per unit weight, which is smaller the larger the animal. 

B. Critique of the theories of surface law. 1. The head tranter theory is the 
most convincing of the five interpretations of the surface law. If homeothennism 
has surviwd value, and if the rate of heat transfer per unit surface area of large 
and small bodies is equal, then the surface law may be understood as the result 
of natural selection. 

Accepting for the sake of the pr^ient discussion the biological advantages of 
maintaining a constant body temperature, one may ask: “How accurate is the 



BODY SIZE AND METABOLIC RATE 


617 


postulate that the rate of heat traDsfer per unit of surface area of large amii.ll 
bodies is the same?” 

The rate of heat flow of a body covered by an inmilftting layer may be formu- 
lated according to Fourier (Mach 1919, p. 84) : 


SK 


Ti-T, 


where q = rate of heat flow; S >= surface area 

L =* thickness of the covering layer (skin a-nd fur) 

Ti = internal temperature 
Tm =* temperature at the surface 
X = heat conductivity. 

In animals the heat conductivity, X, of the body covering, and its thermo- 
conductive thickness, L, are rather hard to measure and are, furthermore, vari- 
able, since the depth of the layer with a temperature gradient is under vascmiotor 
control. To simplify the problem, one may define the ratio L/X = r as the spe- 
cific insulation of the animal covering, and write Fourier’s law as follows: 


q = S 


Ti - T, 


For a ^ven difference between intemaJ temperature and surface temperature, 
the rate of heat transfer is proportional to the surface area when the specific 
insulation for large and small bodi^ is the same. The specific insulation of 
animals is, however, variable. 

The classical demonstration of this fact is the experiment of Hoesslin (1888). 
He reared two littermate dogs, one at 32^ the other at 5°C. The latter had to 
cope with a temperature difference between body and environment six times 
as great as the corresponding difference for his brother. Yet the metabolic 
rate of the dog in the cold was only 12 x)er cent higher. He solved the problem 
of keeping warm by growing a fur that weighed three tini^ as much as that of 
his brother. 

In the same animal and within a short rime, the specific insulation may be 
reduced to 1/2 when the animal is transferred from a cold to a warm environ- 
ment (Kleiber, 1932). Instead of maintaining the metabolic rate per unit sur- 
face ar^ constant, large and small animala therefore mi^t maintain a constant 
metabolic rate per unit wei^t, and with a variable specific insulation adapt the 
rate of heat loss to that metabolic rate. 

The range within which the specific insulation can be changed is, however, 
limited. One may calculate (l.c., p. 327) that a 60 gram mouse with the same 
metabolic rate per unit weight as a steer, would need the equivalent of a steer’s 
surface covering in a 20 cm. thick layer to maintain its body temperature in an 
environment of 3°C. This rather extreme example illustrates why it is advan- 
tageous for a atnall animal to have a hi^er metabolio rate per unit weight than 
a large animal. One can similarly show why at a hi^ environmental tempera- 
ture, for the prevention of overheating, it is advantageous for a large a nimal 
to have a lower metabolic rate per unit wei^t than a small animal. 
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Considerations of heat transfer thus make the assumption reasonable that 
natural selection would weed out such representatives of cattle and rats that 
insisted on ha^dng the same metabolic mte per unit body weight. These con- 
siderations however do in no way support the hypothesis that the metabolic 
rate of animals should be sti^ictly proportional to their exact body surface, and 
that the results of metabolism studies would be more acemate and more reliable 
the more accurately one measured the “true” surface area of the animals. 

2. The theory of internal surfaces as interpretation of the surface law would be 
valid only if the size of cells (or alveoli in the lungs as recently referred to again 
by Gaija, 19J6) were proportional to animal size, if, in other words, elephants 
were made up of the same number of cells as mice. This logical prerequisite for 
the theory of internal surfaces does not seem to be supported by histology. 

3. Attempts have been made to derive an interpretation of the surface law 
on the basis of blood circulation. The difference in the oxygen content of arterial 
and venous blood is independent of body size. The rate of oxygen consumption 
is therefore proportional to the intensity of the blood cmTent, as already postu- 
lated by Samis and Kameaux (1839). This current intensity is the product 
of the linear velocity and the cross section area of the duct. Hoesslin (1888) 
declared that the cross section area of the aorta is proportional to the 2/3 power 
of body weight and the Hneai* velocity is independent of body size, that conse- 
quently the intensity of the blood cmTent is proportional to the 2/3 power of 
body weight, which is a measure for body surface. That the square area of the 
aorta should be proportional to the 2/3 power of body weight, appears sound 
application of the principle of sinulaiity. Why, on the other hand, the same 
linear velocity of blood flow in the aorta for large and small animals should have 
particular survival value is not quite clear. (See Kleiber, 1932, p. 332.) 

More convincing support of a circulatory interpretation of the smface law 
is gained by postulating, on the basis of the similarity principle, that heart 
volume or stroke volume of large and small animals should be approximately in 
proportion to their body weights.* On mechanical grounds the assumption 
seems reasonable that the heart of a home cannot beat with the frequency of the 
heoi’t of a mouse. The intensity of the blood current (stroke voliune times 
frequency of heart beat), thei’efore, should inciBase less than in diroct proportion 
t^ increase in weight. 

J ■» S'V, where I =* intenaty of blood ourront,/ ■» frequency of heart beat and v ■■ blood 
volume per heart beat. If the stroke volume is proportional to body weight, o ■> kW then, 

I « S'kW, and the Intensity per unit weight ^ ■■ kf. 

To explain the Surface law, the intensity of the blood current should bo proportional 
to the 2 /^ power of body weight, and, therefore, the frequency of heart beat should be in- 

I 

versely proportional to the cube root of body wmght. {J » *■ fci = 7 - “ . 

w w 

From data given by Bihl (1927) for normal pulse frequency of various onimalB ranging from 

* The similarity is actually not quite stxict. Clark (1927, p. 72) concludes from inter- 
specific comparison that heart weight varies with the 0.9 power of body weight. The heart 
wmght per unit body wei^t has thus the tendency to become smaller the larger the animal- 
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rabbits to elephants, one may deduce the rule that the pulse frequency is inversely propor- 
tional to the 4th root of body weight. (The pulse frequency is on the average 186 W~^i* 
if W is given in kg.) 

CJonsidcring heart volume and pulse frequency, one may therefore be satisfied 
that, from the point of view of oxygen transport, it is advantageous for large 
animals to have a lower metabolic late per unit wAight than small animals. 
Obviously, this consideration does not lend support to the hypothesis that the 
metabolic rate should be strictly proportional to the “true” body surface. 

4. There appeals to be very little evidence in support of the idea that the 
chemical composition of animals changes systematically with body size, so that 
the surface law can be understood on the basis of chfiminfll composition. The 
concept of *‘metabolically active protoplasm” seems to be too vague for dis- 
cussion. It seems that the activity of the protoplasm is determined by the 
metabolic rate; and what would then be gained by explaining, in turn, the 
metabolic rate on the basis of active protoplasm? The measurement of the 
nucleo-protoplasmic mass seems to offer an independent determination of active 
protoplanm, but Lindeman (1943) failed to find a correlation between nucleo- 
protoplasmic mass and rate of oxygen consumption of the retina. 

The concent mtion of respiratory en^ym^, especially cytochrome c, may be 
relatc<i to metabolic rate (Rosenthal and Drabkin, 1943), however this concen- 
tration itself, and particularly the activity of the enzymes, probably is under 
the influence of i-egulators, especially the endocrine system. (See Barron, 1943.) 
Enzyme concentration and eiuyme activity may thus offer a valid explanation 
for the metabolic rate of tissues but in regard to body size and metallic rate, 
enzyme concontmtions and activity call for further explanation on the 
organismic level. 

A good deni of speculation has centered around the anatomical composition 
as on <ixp]a nation of tlie surface law. 

Droyer, Hay, and Walker (1910, p. 168) advanced the theoiy that the blood 
volume of animals was proportional to their surface areas. On the basis of the 
very data from which th(^ authors draw this conclusion, one may demonstrate 
that, in genmal, the blood volume is more nearly proportional to body weight 
than to body surface (Kleiber, 1932, p. 329). 

In dirc<5t opposition to the conclusion of Dreyer, Ray and Walker, furthermore, 
is a later observation by Gibson, Kelley and Hjoan (1938), who noted that in a 
series of dogs the blood volume per kg. body weight increased from 84 cc./kg. 
in 5 kg. dogs, to 97 cc./kg. in 30 dogs. 

Sweeping conclusions, on the basis of measurements on limited material, are 
often misleading. 

Brody, Comfort and Mathews (1928, p. 33) made the following statement: 
“The weight of the kidney, the weight of the liver and practically the weight of 
the lung, blood, stomach, and intestine increase directly with the body weight 
at the same relative rate as does the surface.” 

This statement presumably led to the following sentence by Benedict (1938, 
p. 206): 
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“Our conclusiou is, therefore, that if the brain weight is closely related to the 
heat production among animals other than the primates, this is in large part 
due simply to the general morphological development in proportion to the two 
thirds power of the body weight shown by innumerable body structures.” 

Before such generalizations are annoxmced, they should be tested rationally 
by application to extreme cases. This can be done with the allegation that the 
blood volume is approximately proportional to body surface. 

According to Lindhard (1926), the amount of blood in man is about 6 per cent 
of the body weight. If the statement of Brody et al. or Dreyer et al. were gen- 
erally correct one would have to conclude from the blood content of a 70 kg. 
man that 49 per cent of the body of a 70 g. rat would be blood — indeed a 
bloody rati 

The following calculation similarly illustrates that one should be cautious 
when one derives a general quantitative rule from the tendency, that large ani- 
mals have relatively smaller brains than the small animals. 

A 6.4 ton elephant had a brain of 7.6 kg. (Benedict, 1936). The brain weight 
amounted, thus, to 0.14 per cent of the body weight. If the brain weight 
(in non primate) were proportional to the 2/3 power of body wei^t, the brain 
of a 6.4 gram shrew would amount to 14 per cent of its body weight, or that 
of a 100 gram rat to 6 per cent of its body weight, which is about 3 times as much 
as it actually weighs (Donaldson, 1924). 

There seems to be a general tendency for the larger animals to economize on 
brain weights, as J. B. S. Haldane (1946) pointed out in his stimulatmg essay 
(“On bemg the right size”), but what he observes within a group of Felidae from 
cat to tiger can not be r^arded as a geueral quantitative rule. If generally the 
weight of the brain were only doubled whenever the body weight is quadrupled, 
or in other words, if the brain weight irore proportional to the square root of body 
wei^t, then, starting down from the dephant with a brain weight of 0.14 per 
cent of its body, one would conclude that one-third of a 100 gram rat should 
be brain. Similarly, if Dubois’ (cit. by Weber, 1923, p. 151) formula, making 
brain wei^t a function of the 6/9 power of body wei^t, were generalized, the 
100 gram rat would have to have a brain weight of 18 grams. Neither Dubois 
nor Haldane can be accused of generalizing the brain weight-body weight rela- 
tionship so much as to include the comparison of rats and elephants. Such 
generalizatiou is, however, made when this relation of brain weight to body 
weight is used to explain the surface law of metabolic rate, because that law 
includes comparisons of rats with elephants. 

The idea that the surface law of metabolism can be explained by the anatomical 
composition of the animal has been advanced especially by Blank (1934), and 
by Kestner (1934 and 1936) who made the following statement. “Hence I 
conclude that the relative si^ of the brains and the large glands can give a 
complete explanation of the different heights of metabolism of (Merent animals.” 

In support of this idea Eestner gives the ratios of brain weight to body weight 
of large and small dogs. A dog of 40 kg, for example, wei^ 400 times as much 
as its brain. A dog of 6 kg, however, wei^ only 26 times as much as its brain. 
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By calculating from these data the absolute weight of the brains we would 
be led to the somewhat surprising result that the brain of the aTnall dog weighs 
200 grams; that of the large dog only 100 grains. 

To support bis point that higihor metabolic rates of the smaller animRla are 
explainable by their greater relative brain sise, Kestner states that the brain 
weight of a 3 kg. dog is about 60-60 grams whereas that of a rabbit of the same body 
weight is only 10 grams. This comparison, however, far from supporting Xestner’s 
theory that the brain wei^t dominates the metabolic rate, to the contrary is 
very good evidence against this theory. D^pite the great differences in relative 
brain weight noted by Kestner, the mean metabolic rate of rabbits is only about 
10 per cent lower than that of dogs of the same size (see table 1). 

It is generally accepted that primates have exceptionally large brains. If 
brain wei^t dominated metabolic level, primates should have a particularly 
hi^ metabolic rate. Yet a group of college women with an average body wei^t 
of 64.8 kg. (and an average brain wmght of probably not much less than 1300 


TABLE 1 
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441 
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1465 

Man 1 

64 1 

1042 

926 

Dog 

15 

1080 

776 

Hen 

2 

1008 

676 


grams) had an average basal metabolic rate of 1224 kcal. per day, which is 
slightly less than the corresponding average of 1264 kcal. per day for a group of 
female tiieep with an average weight of 46.4 kg. and a brain weish^t of, pre- 
sumably, al^ut 100 grams (Fdlsson 1940)! 

6. Body eke <md tissue metabolism is a problem that is not yet satisfactorily 
solved. In the paper in which Buhner (1883) demonstrated the surface law in 
the metabolic rate of dogs he wrote (p. 560): 

“Large and small dogs have a differmit metabdio rate, not because there are 
definite differences in the organization of their cells, but because the impulses 
oriipnating in the skin from cooling stimulate the cells to metabolic activity.’’ 

The sum of these impulses, according to Rubner, is in proportion to the body 
surface. 

Later on Rubner accepted just the opposite view, declaring that the metabolic 
rate of the tissues is a fundamental diaraoteristic of a species (Weis, 1925). 

In 1925 Terroine and Roche derived from microrespiration trials with excised 
animal tissue a h 3 'pothesis opposed to Rubner’s idea of genetically fixed cell 
metabolism. They stated: “Homologous tissues of different animals have, in 
vitro, the same intmisity of respiration.” The metabolic differences of tissues 
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of large and small animals disappear when the tissues are removed from the 
ftnimn.] body. These differences, therefore, are not located in the cells them- 
selves, but are imposed on the cells by central s3^tems representing the organism 
as a whole, the nervous system and the circulatory system. 

In the same year Grafe (1926), independent of Terroine and Roche, reached 
the same conclusion stating: “The living protoplasm of the warm blooded ani- 
mals and maybe even of many cold blooded animals, shows, as far as respiration 
is concerned, a certain unifoimity, and gets its specificity only by means of the 
regulating system of the animal I” 

The tissue, according to Grafe, respire at a higher rate in vitro than in vivo, 
particularly tissues of large animals. In vivo the metabolic rate of those tissues 
is cheeked by the influence of the central regulators, mainly the nervous and 
endocrine ssrstems. 

There are a number of observations in support of this view. Severance of the 
spinal cord increased the rate of nitrogen metabolism (Isenschmid, 1920). In 
line with these ideas is also the observation of Victor (1934) that dystrophic 
muscles have increased metabolic rate in vitro. Recently Houchin (1942) stated 
that normally tocopheryl phosphate acts as a brake on muscle oxidation, and 
that vitamin E deficiency lets the oxidation “iim riot” so that the muscle is 
“consumed in its own fire” and muscle dystrophy results. 

The discovery of capillary regulation of blood supply to the tissues by Krogh 
(1929) led to a well rounded theoiy that the checking of metabolic rate in vivo 
was accomplished by rationing of the oxygen supply. That was in contrast to 
Pflfiger’s law (Pfltiger, 1872), to be sure, but observations of Thunberg (1906) 
on lower animals, and of Verzdr (1912) on muscles, indicated that Pflfiger’s law 
loses its application at low partial oxygen tensions and that oxygen supply may 
become the limiting factor in the rate of tissue respiration. Recently Goija 
(1940) noted that below a given critical partial pressure of oxygen the metabolic 
rate of homeotherms depends on oxygen supply. Apparently, independent of 
body size, the limiting partial oxygen pressure amounts to about 90 mm. Hg. 
This corresponds to a Wometric pressure of 460 mm. Hg. or an altitude of 
4000 meters. 

That the metabolic rate of animals was by no means a genetically fixed con- 
stant, but was decidedly affected by somatogenic factors, was demonstrated by 
Kleiber and Cole (1939) who measured the metabolic rate of giant rats produced 
by injection of growth hormone. The metabolic rate, either per unit wei|^t or 
per unit of the 2/3 power of weight, was lower in the grovlh hormone rats than 
in noimal litter mate controls. This rate could therefore not be a genetically 
fixed characteristic of the tissues (being changed by the somatic influence of 
growth hormone injection). This result was in line with the ideas of Terroine 
and of Grafe. Kleiber and Cole, however, observed also that the difference in 
the motabolic rates of giant groAvth hormone and normal control rats could still 
be noted in the rate of oxygen consumption of the surviving diaphragm in vitro. 
This observation was in opposition to the results of Terroine and of Grafe. 

field, Belding and Martin (1939) succeeded in summating the metabolic 
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rates of excised rat tissues in vitro to 66 per cent of the actually measured meta- 
bolic rate of the rat. Martin and Fuhrman (1941) similarly summated metabolic 
rates in vitro of dog tissues to over 70 per cent of the metabolic rate of the dogs. 
These results support the idea that the rate of oxygen consumption of the tiapnaa 
in vitro reflects the metabolic rate of these tissues in vivo to a considerable 
extent. 

Repeating the investigations of Terroine and of Grafe, Kleiber (1941) measured 
the in vitro rate of oxygen consumption of liver slices from rats, rabbits, and 
sheep. The metabolic rate per unit wei^t in vitro decreased consistently with 
increasing size of the animals, almost to the same extent as the metabolic rate 
of the living animal. 

Recent microrespiration trials in our laboratory (Kleiber, 1947, unpubhahed) 
with excised liver of rabbits and cows again show that liver slices from cows have 
a lower late of oxygen consumption per unit wei^t than the liver slices from 
rabbits. 

Smyth (1940), on the other hand, reports that “observations by Van Heynin- 
gen (1936) indicate a uniformity m the zate of metabolism in the same tissue in 
different species irrespective of the size of the animal.” 

This result seems to be in line with the theory of Grafe and of Terroine and in 
contrast to our findiogs. A check of Van Heyningen’s figures, however, indicates 
that only anaerobic glycolysis of brain cortex was independent of body size. 
For respiration, the effect of body size on tissue metabolism was similar to our 
results. 

The following working hypothecs seems justified: The animal as a whole 
:^ponds to changes in somatic conditions. Reactions to such changes are trans- 
mitted to the tissues by centralized metabolic regulators such as the nervous 
and the midocrine systems. These regulatory influences produce changes in 
the metabolic conditions of the cells. Among these conditions, which determine 
cellular metabolic rate, may be structural relations, electrical potentials, ion 
concentrations, and the concentrations of oxygen, metabolites and enzymes. 

The observation that metabolic rates in vitro are similar to those in vivo sug- 
gests that the conditions which determine the rate of cell respiration change 
but slowly; this would be expected of changes in concentrations of enzymes and 
metabolites. 

Since oxygen supply should not affect the oxidation rate in vitro, the simi- 
larity between in vitro and in vivo metabolic rato throws doubt on the theory 
that tissue metabolism normally is regulated by rationing the oxygen supply. 

The observation that the metabolic rate of tissues in vitro is similar to the 
corresponding rate in vivo, is sometimes interpreted to indicate an inherent 
metabolic level of the tissues. If the statement moans that the rate of tissue 
respiration is independent of somatic influences, then it is wrong; if it means 
that genetic factors ore involved in the metabolic levels, then the correctness of 
the statement is hardly in doubt. One may bo able to breed strainB of rats 
with a hi^, and strains of rats with a low metabolic level under quasi equal 
environmental conditions. There may be gmieticaJly determmed limitations 
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for the extent to Tvhich cell metabolism reacts on changes produced in the cells 
by the metabolic r^ulatois. The demonstration of genetic factors in metabolic 
level, however, helps but little in the interpretation of the fact that the metabolic 
rate per unit weight of a 5.3 kg. rabbit is practically the same as that of a 6.6 kg. 
dog, but differs significantly from that of a 1.5 kg. rabbit ; as in turn the metabolic 
rate per unit wei^t of a 25 kg. dog differs significantly from that of the 
6.6 kg. d(^. 

The results of Terroine and of Grafe on metabolic rates in vitro were not con- 
firmed later, yet an essential part of their theory is sound; namely, the idea 
that the metabolic rate of the tissue in vivo is controlled by central regulators 
representing the animal as a whole. 

Even fetal metabolic rate seems to be under the infiuence of the maternal 
metabolic regulators (or perhaps a combination of maternal and fetal regulators). 

Eleiber, Cole and Smith (1943) measured the metabolic rate of rat embryos 
in vitro, and obtained good evidence against the theory that a fetus behaves, 
metabolically, like an independent small homeotherm. The fetal metabolio rate 
per unit moist weight was of the same order of magnitude as that of normal 
adult rats, and considerably smaller than that of newly bom or 12 day old rats. 

This observation, like others mentioned, favors the idea that, to a considerable 
d^ree, cellular metabolic rate is adapted to the condition of the animal as a 
Tidide. The effect of the metabolic regulators, however, appears to remain in 
the tissues that are removed from the animal and respire in vitro. 

The analysis of these factors controlling the metabolic level in vitro and in vivo 
appears to be a most fruitful field for future research on tissue metabolism. 

€. IntegraUon of valid theories on swrface law. Of the five groups of interpre- 
tations of the surface law, the one on internal nutritive surfaces has no evidence 
in its favor. The one on compoffltion of the body has no explanatory value. 
The same is true for the explanation with a genetically fixed metabolic rate of 
body cells, even if this postulate as sudi were acceptable, because the problem 
would arise: why have those animals been selected for survival whose cells have 
the inherent metabolic rate such that the metabolio rate foUows the surface law? 

The theories that relate the surface law to rate of heat transfor, and those that 
rdate it to the hemodynamics, have most value for the interpretation of the 
surface law. The most promising theory of body sise and metabolism integrates 
the heat exchange and the circulation theory. 

In natural selection, those animals probably prove to be the fittest whose 
cdls are adapted to such a level of oxygen consumption that the metabolic rate 
of the animal is most suitable for the maintenance of a constant body tempera- 
ture and in line with the most efiicient transport of oxygen. 

A four ton animal, whose cells imnsted on a rate of oxygen consumption per 
unit wd^t equal to that of mouse cells, could not survive, because such a 
metabolio rate could not be supported by the circulatory system and would 
upset the maintenance of a constant body temperature. 

The surface law is unreliable mainly because the definition of an animal's 
surface is vague. But even if the surface area could be defined and measured 
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accurately there is no theoretical basis for the hypothesis that the metabolic 
rate of homeotherms should be exactly proportional to their particular surface 
area rather than to a more general function of body size. 

Empibical validitt op stjepace law. Between the efforts of the gadgeteers 
to design apparatuses for surface measurements, the statisticians to derive for- 
mulas for calculating “true” surface areas, and the theoretically inclined biolo- 
gists who discussed the proper interpretations of the surface law, rather few 
seemed to have been interested in the question as to just how reliable the surface 
law itself is. 

Among the few that questioned rather early the validity of the surface law 
was one of the pioneers of vitamin r^earch, F. G. Hopkins, who in 1912 wrote 
as follows: 

“. . . in the case of very young rats tihe demand for maintenance is more nearly 
determined by the live-weight than by the surface area. It becomes of course 
smaller relatively to body weight as this increases but it falls oflP more slowly 
than the surface area would require.’’ 

Seven years later, Harris and Benedict (1919) concluded from their extensive 
measurements on men and women that within the human species there was no 
evidence for the surface law. Du Bois (1927, p. 202) however, maintained that 
the data of Harris and Benedict confirmed the surface law. 

The differences in size among the material of Harris and Benedict were so 
small and the influence of factors other than edze so relatively large that the two 
opposing deductions could both be made in good faith (compare pp. 530 and 534) . 

In an attempt to find the most suitable unit of metabolic body size for esti- 
mating maintenance requirements and comparing metabolic rates of animals 
that differ in weight, Kleiber (1932) compiled results of metabolism measure- 
ments from American laboratories, listing 13 groups from 150 gram ring doves 
to a 679 kg. steer. The surface law was confirmed insofar as the metabolic rate 
per unit weight decreased systematically as the body weight of the animals 
increased. The coefficient of variability per unit weight was 80 per cent, and 
that per unit surface area only 34 per cent. This latter is still quite high, and a 
comparison of some of the recent results with Voit’s table (1901) apparently 
indicates a trend of the modem ^jAjnerican animals to take the surface law less 
seriously tiian the European aninials in 1901. 

There*Is a considerable positive correlation between body size and metabolic 
rate per square meter of body surface. 

The surface law, that Is the theory that the metabolic rate per unit surface 
area of large and small animalfl is the same — or at least independent of size — 
is therefore not strictly confirmed by the recent material. 

hlsTABOLic bate AS A POWEB PUNCTION OF BODY WEIGHT. A. Linear rekUtoti 
hetman, logarithms qf metabolic rate and body might The regularity in the devia- 
tions of the empirical results from the surface law justified the search for a func- 
tion of body size to which metabolic rate mi^t be more nearly proportional than 
to body surface. Plotting the logarithms of fasting metabdho rate against the 
logarithms of body weight revealed a linear relation between these two variables 
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with surprisingly small delations from the mean tread. For the ten groups of 
ma.Tnmfl.lH , the standai'd de\'iation from the mean regression line amounts to 
±0.03 logarithm unit, which corresponds to a coefficient of variation of metabolic 
rate from the interspecific mean of 7 per cent. 

When the logarithm of metabolic rate is a linear function of the logaiithm of 
body weight, then metabolic rate is propoitional to a given pow’cr of body 
wei^t.* The metabolic rate was more nearly proportional to the 3/4 power of 
body wei^t than to either the 2/3rd power or the surface area of the animals 
(as derived for each group by a special formula designed for the calculation of 
its particular surface area). 

Soon after the publication of these results, Brody and Procter (1932) extended 
a similar compilation of metabolic data down to the mouse. They used mostly 
figures acciunulated in their own laboratoiy and noted that their result was in 
close agreement with that of Kleiber (l.c., p. 94). 

In 1938, F. G. Benedict published on extensive analysis of the groat amount 
of valuable data on metabolic rates of various a^nimals tested in the Carnegie 
Nutrition Labomtory by reliable methods under rather well standardized 
conditions. 

A chait (p. 171) show's the logaiithms of the mean metaboUc rates for 28 
groups of animals plotted against the logarithms of the corresponding mean 
body wreights. The animals considered mnged in size from 20 gi'am mice to nearly 
4 ton elephants. A regression line indicates the average trend, and Benedict 
notes “a most gratifying straight line relationship between the total heat produc- 
tion and the body weight.” He obviously means the logarithms of these vari- 
ables. He then continues as follows: “However satisfactory this relationship 
may be mathematically, this method of pi’esenting the data completely masks 
metabolic differences within species.” 

In answer to this remark one may say that any mean of a group of data 
“masks,” that is, does not show, tho differences between the single data; that 
has nothing to do with logarithmic interpolation. If one wants to show the 
differences within the species one may plot the logarithm of each individual 
metabolic rate against logarithm of the correspondmg individusd body wei^t. 
In order to supply the reader with an estimate of the variability, as a substitute 
for presenting every single result, some of the more statistically minded biolo- 
gusts state with a mean also its standard error. * 

Benedict extends his accusation, stating that logarithmic interpolation “dis- 
torts or obscures striking differences between the species.” Since, however, a 
logarithmic chart in a scientific paper is presented to readers who are presumably 
familiar wdth logarithms, the accusation of distorting or obscuring can be 
discarded. 

There is nothing obscure about the fact that a logarithmic regression line of a 
given set of data looks different, in general, from the corresponding arithmetic 
line, and if this difference in the appearance of the two r^ression lines be termed 

* If log Af » log a + p*log PT— (general equation for straight line) 
then M ■« 
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(listoiiioii, one could call the arithmetic line a distortion of the logarithmic just 
as well as vice versa. 

Benedict further believes (p. 172) that “the seeming Eomilarity between the 
different species shoAMi by this logaiithmic chart is an artificial similarity.” 

It is true that the conditions undei' which basal metabolism is measured are 
somewhat different from those under which animals normally live. The condi- 
tions under wliich the ixisults discussed here are obtained may therefore be 
classified as artificial, and it mi^t be argued that the metabolic rate of a rat 
in a sewer, or a cow in a bam, would be different from their metabolic rates 
measured in the artificial environment of a respiration apparatus; but that possi- 
bility has nothing to do with the qu^rtion, whether or not the linearity of the 
logarithms of metabolic rates as measured and the corresponding body wei^ts 
are real. Whether or not such a relationship has physiological significance de- 
pends on the ph 3 rsiologist, the same as it depends on the listener whether he 
hears a symphony or merely a multitude of different soimds. 

Benedict concludes his chapter on intci'specific comparisons (p. 179) with the 
following sentence: 

“It seems, thci'efore, unjustifiable to apply mathematics to the pooled end 
result of the activities of millions of colls each highly differentiated, with different 
energy potentialities and actuated by diffoi*ent stimuli.” 

If this is the way Benedict feels, one cannot help but wonder how he ever 
became interested in conducting a r^piration trial and why, furthermore, he 
even calculated means of groups of several of th^ pooled end results which 
indeed is applying mathematics. 

Admittedly one may find biological publications in which data seem to be used 
merely as material for mathematical exercises. Admittedly, furthermore, some 
biologists learn mathematical tricks and tirelessly apply them, apparently with- 
out bothering to understand either the basis and limitations of their methods 
or the meaning of their results. Publications origmating under such circum- 
stances may have developed Benedict’s antagonism to the application of mathe- 
matics m biology. The answer to such pseudomathematics in biology, however, 
is not less mathematics, but good mathematics. 

For the application of statistical methods the biologist finds an excellent 
review by H. L. Dunn (1929) with ten “don’t’s” and two “be sure of’s.” These 
twelve conunondinents ought to be instiUed into every student of quantitative 
Inology and physiology. 

Benedict’s table 4 on p. 175 (1^38) contains an error which may lead to some 
confusion and is therefore mentioned here. The metabolic rates of the animals 
lifter than 1 kg. seem to have been calculated per unit of the various power 
functions of body weight: TP*** etc., on the basis of the erroneous 

assumption that generally (weij^t in g.)' equals 100 (weight in kg.)*. For 
p » 2/3 the I'esult happens to come out ^ ri^t because 1000*^ »= 100 but for 
all the other powers that calculation is wrong; obviously it would be wrong for 
p » 1, sinoe 1 kg. containB 1000, not 100 grams. The one kcfd. of heat produced 
daily by the 8 gram dwarf ihouse amounts to 39.2 kcal. per kg.’*^* not 20.6 kcal. 
as listed in the table mentioned. 
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The great amoTint of material on metabolic rates, secured by reliable measure- 
ments in Benedict’s laboratory, and condensed to a logarithmic chart on the 
relation of body size and metabolic rate (Benedict (1938) p. 171) is an excellent 
confirmation of Kleiber’s earlier results (1932, p. 321). The two regression lines 
expressing the mean trends of these two sets of data are practically identical. 

B, Check with recent data. To reinvestigate the relation of body size and 
metabolic rate among mammals, I have compiled 26 groups of metabolic rates 
measured under apparently comparable conditions. The animals were mature, 
in postabsozptive condition, measured in the range of metabolically indifferent 
environmental temperature, and at rest, or at least without abnormal activity. 
No data were used that were already incorporated in the earlier study (1932). 

The basic data and the source of the material are given in table 2. 

In figure 1 the logarithms of metabolic rate are plotted a^inst the logarithms 
of body weight. The results used for calculating the regression line are indi- 
cated by dots in circles; those that are not used in the calculation are marked 
with brackets. 

The reasons for not including these data in the calculation are os follows: 

The result of only one shrew is so far reported and it is qu^tionable whether 
the conditiona of measurement allow a direct comparison with standard meta- 
bolic rate of the other animals. The Swiss mice were not in postabsorptive con- 
dition as indicated by a mean respiratory quotient of 0.96. Dwarf mice and 
growth hormone rats have an abnormal endocrine system. The result for swine 
was calculated from a mean net energy requirement for maintenance. The steer 
calves may be r^arded as not yet mature and therefore their metabolic rate 
not strictly comparable with that of the other groups of animals. The conditions 
of measurement of metabolic rate of elephant, porpoise and whale are not strictly 
in line with the normal conditions of measuring standard metabolic rates. 

Unfortunately, a lot of valuable data on man could not be incorporated in our 
chart because the results were given only per square meter of body surface. 
This is particularly true for the material of Boothby and Sandiford (1924), and 
the more recent findings of Young, Pittman, Donelson, and Kinsman (1943). 

For the 26 comparable results, the method of least squares leads to the foUow- 
ii]^ linear regression equation: 

log Jlf « 1.83 + 0.756 log W d= 0.06 
where M metabolic rate of animal in kilocalories per day 
W = body weight in kilograms. 

The r^ression coefifident of 0.756 d= 0.004 indicates that for the 26 results 
compile in our table, the metabolic rate is most nearly proportional to tiie 0.756 
or dose to the 3/4 power of body wd^t. 

The same interpolation of the earlier data (Kleiber, 1932) on ten groups of 
mammals leads to the equation: 

log Af « 1.87 + 0.739 log W db 0.03 
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TABLE 2 


oftoTn* 

Asaua. 

AmHOX 

30DT WT. 

«TATIOH.»ATK 

nCElMr 

a. Data used for calculation of regreesion Him 







SmI 

1 

Mouse 


Benedict and Lee, 1086 


3.6 

2 

Bat 230-<800 days old 

Kleiber, unpubl. 


28.1 

3 

Guinea pig 

Benedict, 1988 


36.1 

4 



Tomme and Loxia, 1986 

2.08 

167 

6 



1.62 

88 

6 

■ iC;! tj ti|t 



2.46 

110 

7 

■jC:i |i t) |t 


B. Lee, 1989 

8.57 

164 

8 

■ ej • 1 k r 



4.38 

191 

9 

WmWWWf 

■ 0 «) hr 



6.88 

283 

10 


■ 


Benedict, 1988 

8.00 

162 

11 

Macaque 

Benedict, 1988 

4.2 

207 

12 

Dog 




6.6 

288 

13 

Dog 



Galvfto, 1942 

14.1 

684 

14 

Dog 




24.8 

876 

16 

Dog 



de Beer and Bjort, 1038 

28.6 

872 

16 

Goat 


Benedict, 1988 

86.0 

800 

17 

Ohimpansee 

Bruhn and Benedict, 1036 

88.0 

logo 

18 

10 

Sheep 9 \ 

Sheep d*/ 

lines and Peirce, 1081 

46.4 

46.8 

1264 

1880 

20 

Woman 

MoEittriok, 1986 

67.2 

1868 

21 

Woman 

Lewis, Biff and Duval, 1943 

64.8 

1224 

22 

Woman 

McCreiy, Wolf and Ba- 

67.9 

1820 





vousett, 1940 



28 

Cow 



Benedict and Bitsman, 


4221 





1986 



24 

Cow 



Kleiber, Began and Mead, 

436 

8166 





1046 



26 

Beef heifers 

Kleiber, Goss and Guil- 

482 

7754 





bert, 1986 



26 

Cow 



Benedict and Bitsman, 


7877 





1986 




b. Data not used for oaloulation because oonditiLons not comparable 


Shrew 

Morrison and Pearson, 
1946 

0.0086 

2.0 

Swiss mice 

U.,S. Navy Bee. Unit and 
Kleiber, 1944 

0.0106 

8.7 

Dwarf mouse 

Benedict, 1988 


1 

Bats (giant) 

Benedict, 1988 


88.2 

Bats (growth hormone) 

Kleiber and Cole, 1930 


28.6 

Swine 

Breirem, 1986 


2678 

Steer calves 

Mitchell et al., 1940 


8817 

Elephant 

Benedict, 1988 

8672 

49000 

Porpoise 

Irving et al., 1041 

170 

6768 

Whale 

Irving, 1941 


1.2 X 10« 
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The two bands, described by the two regression equations with their standard 
error of estimate, could be distinguished only by ejctrapolation to animals weigh- 
ing less than 4 grams or more than 800 tons. 

The figure shows the line by which the results would have to be represented if 
the metabolic rate were proportional to body weight, and also the line which 
would summarize the results if the metabolic rate were proportional to the 2/3 
power of body weight (or approximately body surface). 

The line expressing proportionality of metabolic rate to body weight stays 
within the band expressing metabolic rates proportional to the 3/4 power of 



ow 0.01 3E 0.1 ( 10 100 1000 10^000 loqooo 

Body Weight , Kg- 


Fig. 1. Log. metabol. rate/log body weight 
I 

wei^t over a ratio of weights of 3.2. That means one would not be able to 
decide whether metabolic rates are propmtional to body wmght or proportional 
to its 3/4 power, unless the heaviest animals studied would wftigb at least three 
times as much as the lightest azumals. 

Similarly, one may calculate that a significant difference between propor- 
tionality to the 3/4 power of body we^t and proportionality to the 2/3 power 
of body wei^t (representing rou^y the surface area), could not be established 
with groups of animals in which the heaviest anTmalR weired less than 0 timaH 
as much as the lightest animals. 

C. iTii^raapeci^ comparisons. Since the differences in size have to be so con- 
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siderable to allow a significaiit decision of the question, whether the metabolic 
rate is more nearly proportional to the 2/3 or the 3/4 power of body weight, only 
a few species diow great enough differences in mature weight for the establish- 
ment of the best fitting power function of body weight as basi p for metabolic 
body size. This is true, even though the variability of metabolic rate for a given 
size is less within a species than between species. 

In three species, namely, mice, rabbits, and dogs, the differences in size are 
considerable, and an analysis of the relation between body size and metabolic 
rate within these 3 species seems more promising than in the other species with 
more uniform size. 

The regression line given for metabolic rate of mice (Benedict, 1938, p. 66) 
as a fimction of their body weight, would indicate a best fitting power function 
of body weight for metabolic body size 

_ A log metabol. rate _ « «« 

^ A log body weight ~ 

Benedict’s line seems, however, definitely affected by a group of 4 endocrino- 
logically abnormal dwarf mice. If we estimate the line through the other results, 
the best fitting power function would be 0.76. 

The regression line given for rats (l.c. p. 67) would indicate that the rats intra- 
specifically followed the surface law. Their metabolic rate would be most 
nearly proportional to the 0.67 power of body weight. 

The r^ults of the 5 groups of rabbits reported by Lc« (1939) may be repre- 
sented by the following regression line: 

log M = 1.763 + 0.82 log W =fc 0.09. 

This indicates that in this population, metabolic rate is most nearly proportioiial 
to the 0.82 power of body weight; the range of body size in these rabbits would, 
however, have to be about 4 times as great as it is, to demonstrate a significant 
departure of rabbits from the hypothesis that metabolic rate is proportional to 
the 2/3 power of body weight. This range would have to be considerably more 
than fom times as largo to demonstrate that the intiaspecific relation between 
metabolic rate and body size in these rabbits contradicts the hypothesis that 
the metabolic rate is proportional to the 3/4 power of body weight. 

The data on the 3 groups of dogs reported by Galvfto (1942) indicate propor- 
tionality of metabolic rate to the 0.84 power of body weight, and since the vari- 
ability in this case seems rather small, the deviation from the surface law and 
even from the 3/4 power rule appeals significant; so does the deviation from the 
hypothesis that the metabolic rate of these dogs is proportional to their body 
wmght. 

The result of Galvfto contradicts the one which can be calculated on the basis 
of the material of Lusk, Kundc, and Steinhaus (see Benedict 1938 p, 79). Select- 
ing from the regression line of this material, given by Benedict, the points for 
9 kg. dogs find that for 18 kg. dogs, one may conclude that the metabolic rate 
of these dc^ is most nearly proportional to the 0.56 power of body weight. 
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It is of interest to note that within the two groups of animals in which an 
intraspecihc investigation of body size and metabolic rate appears most pramis- 
ing, rabbits and dogs, the metabolic rate seems to be most closely rdated to 
a power function of body weight higher than the 3/4. This problem deserve 
more study. Until there is a great deal more evidence for a difference in the 
intraspecihc and the interspecific relation of body size and metabolic rate, the 
most rational temporary hypothesis is the one which is the simplest. That is 
the hypothesis that the intra- and the interspecific relations of body size and 
metabolio rate are the same. The question is whether the relation found intra- 
specifically should be assumed to hold also interspecifically, or vice versa. The 
interspecific derivation of the best suitable unit of metabolic body size seems, at 
present, the more reliable, because the great difference in size available by inter- 
specific comparison makes size so dominant over other factors. 

At present it appears, therefore, reasonable to adopt for intraspecific prediction 
of the metabolic rate ^e metab^o unit of body size found most suitable for 
interspecific prediction, namely, the 3/4 power of body wei^t. 

Metabolic body size Aim pbedicuton' of metabolic bate. The metabolic 
body size is that function of size of am'mals to which the metabolic rate is pro- 
portional. Once the unit of metabolic body Edze is established, then the meta- 
bolic rate can be predicted by multiplying the metabolic body size with a given 
factor. 

According to the surface law, the metabolic rate is proportional to the surface 
area. The metabolic body size, consequmitly, would be e3q)res8ed in square 
meters of body surface, and according to Rubner’s rule, the daily metabolic rate 
in kilocalories is 1000 times the number of square meters of body surface. 

Since body surface is ill defined, the square meter of body surface is no suit- 
able unit of size, even though it undoubtedly offers the great advantage of being 
easily visualized. Admittedly, it is easier to talk of heat production per square 
meter than to talk of heat production per unit of the 3/4 power of body weight 
in kilograms. 

The Du Bois surface (1916) as calculated from weight and hei^t is well 
defined within one species, but for comparison between man and rabbit, for 
example, one would have to rely again on the ill defined concept of '‘true” body 
surface. 

Attempting to avoid hypotheses, such as the surface law, and ill defined terms, 
such as the body surface area, Harris and Benedict (1919) derived their empirical 
prediction equations, namely, (p. 227): 

for men h *=* +66.4730 + 13.7616w + 6.00338 - 6.7660o 
for women h =» +656.0966 + 9.6634u; + 1.84968 - 4.6756a 
h total heat production in kcal. per day, w « weight in kilograms 
8 = stature in centimeters and a «= age in years. 

Eirogh (see Boothby and Sandiford, 1^24c, p. 80) has already criticised these 
equations. 

That they allow an accurate prediction of the metabolic rate of men and 
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women B imila r to the material studied by Harris and Benedict is not in doubt, 
but physiologically the equations are practically nififtnTTig]p.fls 

Implied in these equations are several rather questionable assumptions; 
namely, that the metabolic rate of a weightl^ woman is 10 times that of a 
weightless man. 

Further, it is assmned that metabolic rate is the sum of a lin e ar function of 
body weight, a linear function of height, and a linear function of age. 

Even thou^ the Harris-Benedict equation deals with well defined quantities, 
such as weight, height, and age, Du Bois* prediction, despite its connection with 
the ill defined concept of body surface, seems to be more acceptable to nlininia.Tift 
as well as physiologists because it has a rational physiological meaning. Assum- 
ing that the metabolic rate is proportional to the 3/4 power of body wei^t, 
Kleiber (1932) re-analyaed the data of Harris and Benedict and developed the 
following prediction equations: 

for men: M = 71.2 X (1 + 0.004 (30- A) + 0.010 (5-43.4)) 

for women; M = 65.8 X (1 -f 0.004 (30-A) -f- 0.018 (5-42.1)) 

M the metabolic rate in kilocalories per day 
W =* the body weigjit in kilograms 
A. » the age in years 

a J.V i j. • centimeters height 

5 “ the specino stature in :=^ 

The equations have the following meaning: the metabolic rate of a man 30 
yeaxs of age and with a specific stature of 43.4 cm./kg.i/* ^ metabolic rate 
71.2 times his body weight in kilograms raised to the 3/4 power. A woman of a 
standard age of 30 and standard specific stature for women (which is 42.1 or 
slightly less than that for men) has a metabolic rate of 65.8 per kg.*^^ The 
ratio of 71.2 to 65.8 for the metabolic rates per unit of the 3/4 power of body 
weight of standard man and standard woman indicates the effect of sex on 
human metabolic rate. The second term in the parenthesis indicates that in 
adult man the metabolic rate decreases about 0.4 per cent of the metabolic rate 
of standard man for each year above (or increases for each year below) the 
standard age of 30. 

It mij^t have been preferable to express this aj^ effect in relative terms, such 
30-A 

as 0.12 • Then the metabolic effect of age, expressed by the coefficient 0.12, 

oU 


would be more comparable with that in other animals with diffeiBnt standard 
age. (The relation of relative ages in different animals has been extensively 
studied by Brody (1945, chapter 19). Human metabolic rate would change 12 
per cent per unit of relative departure from standard age (that is per 30 years). 
The lost term in the parenthesiB indicates that the mean specific stature (in the 
material of Harris and Benedict) for men is 43.4 cm. per kg.^/® that for women 
42.1 cm,per kg.^^. Each centimeterper kg.^/* increase in specific stature produces, 
on the average, an increase of 1 per cent of the metabolic rate of men, and of 1 .8 per 
cent of tho metabolic rate of women. This suggests that the degree of slender- 
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ness (specific stature) affects the metabolic rate of women more than it affects 
the metabolic rate of men. The equations of Eleiber predict the metabolic 
rate of human beings with about the same accuracy as the empiiical multiple 
regr^on equations of Harris and Benedict. The major advantage of the newer 
equations is that all terms have a physiological meaning. 

Eleiber (1932) was somewhat vague about choosing a definite power function 
of body weight as the best basis for metabolic body size, and stated, p. 336, “that 
further investigation may show that some unit other than may be prefei’- 
able.» 

Brody and Procter (1932) ventured a more definite foimulation, namely: 

M = 70.4 

and Brody, Procter and Ashworth (1934) obtaining exactly the same equation 
with a wider range of animals, including elephants, were confident that this 
“equation approaches closely the time rdation between basal metabolism and 
body weight of mature mammals.” 

This relation was widely accepted (for example, in HOber’s book. The physical 
chemistry of cells and tissues, p. 375). The National Research Council conference 
on energy metabolism (1935) endorsed the power function, after reducing it to 
two decimals (0.73), as the most suitable unit of metabolic body size. There was 
some doubt as to whether or not the data available justified the change from the 
3/4 to the more complicated 0.73 power, a change which implied that the second 
decimal of the exponent -was significant. 

Taking into account a coefficient of variation in metabolic rate per unit size 
of 7 per cent, one may calculate that there is no significant difference between 
Brody’s prediction and 721^^^ within a group of animals ranging from a 10 gram 
mouse to a 16 ton super elephant. A^thln this range, there is thus not much 
point in discussing the question, whether the 0.734 power or the 3/4 power of 
body weight fits the metabolic results more closely.* 

Recently, Brody (1945, p. 373) dropped also the second decimal from the 
exponent and suggests that tho 0.7 power be used os reference for basal metabol- 
ism measurements. 

Our recent analysis favors again the 3/4 power of body weight as tho metabolic 
unit of body size. Aside from its empirical justification, the 8/4 power is prefer- 
able to either of Brody’s succesave 0.734, 0.73 or 0.7 because it is mathematically 
simpler since it can be calculated without Ic^rithms.^ 

The daily fasting heat production per kg.*/* was : 

in 10 groups of mammals, 1932: 71 =h 1.8 kcal. per kg.*/* 
in 26 groups of mammals, 1947: 69 dz 1.5 kcal. per kg.*/* 
together: 

36 groups of mammals, 69 =b 1.2 kcal. per kg.*/* 

* The dasaification of the 8/4 power of body weight ae the “Brody-Eleiber unit” (Qttn- 
iher, 1944) neverthdesfl is oonf ucing. If these unite have to be named according to authors 
at all, thw Brody’s unit would be the 0.784, 0.73 or 0.7 power, and Kleiber’s the 8/4 power. 

* can be easily obtained on a slide rule (extract the square root of the square root 
of the cube of the body weight). 
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For all practical purposes, one may assume that the mean standard metabolic 
rate of mammals amounts to 70 times the 3/4 power of their body wei^t (in kg.) 
per day, or about 3 times the 3/4 power of their body weight (in kg.) per hour. 

Body size, pood requirement and dosage op biotics. Two animals may 
be regarded as being on the same level of food intake when their rate of intake 
of metabolizable food energy* is the same multiple, or the same fraction, of their 
standard metabolic rate. Since the standard metabolic rate is proportional to 
the metabolic body size, or the 3/4 power of body wei^t, two animals may also 
be regaided as being on the same level of food intake, when they consume the 
same amount of metabolizable food energy per kg.*^* 

Not only the requirement of food energjr, but also that of protein and of most 
vitamins, may be expressed per unit of the 3/4 power of body weight, because 
these dietary requirements ai‘e directly related to energy metabolism (see re\’iew 
by Kleiber 1946-46, p. 207). 

For tho dosage of drags one should know whethei* or not the action depends on 
reaching a certain concentration in the blood stream without regard to its further 
maintenance. In this case the dosage should be proportional to body weight, 
since the amount of blood is proportional to body weight. If, however, the 
action of the biotic depends on the maintenance of a given concentration over a 
period of time, and if the rate of destraction or excretion of the biotic is propor- 
tional to the metabolic rate, then the dosage should be based on the metabolic 
body size. 

The treatment may be so anangod that doses propoi*tional to body weight 
are given and that the frequency of application depends on body size, so that 
over a sufficient period of time the rate of intake is proportional to the metabolic 
body size (the 3/4 power of body weight). In this case the frequency should be 
inversely proportional to the fourth root of body weight.^ 

If, for example, a 50 gram rat iBceived one unit of a biotic daily, then to 
establish conditions under the assumptions made, a 600 kg. steer should 

receive a dose of 10,000 units every ten days. 

Body size and food utilization. The establishment of a metabolic unit of 
body size is particularly advantageous for the investigation of food utili^tion. 


The quotient: 


energy in animal product 
total food energy 


0 

U 


is called the total efficiency of food utilization. It measures (as far as that is 
possible in terms of energy) the success of anim al husbandry. 

• Metabolizable energy «■ heat of combustion of food minus boat of combustion of fooos, 
urine, and metbano. 

^If Q amount given at one time (dena^) 
f «= frequency of application 
W — body weight 

then rate of iutnko “ /‘if ^ krW *^* ; q ■■ k»'W 

^ jfci 


const. 
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The quotient ^ is the partial eflSciency. 


It is in general dependent on the 


level of food intake, but the discussion in this chapter may be limited to the 
simplest special case, that in which the partial efficiency is constant = e. 

An animal needs a certain amount of food energy, U^, to m5i.intfl.iTi itsdf 
without gain or loss of body substance. Only that amount of food energy con- 
sumed in excess of this maintenance requirement is available for production. 
The energy in the animal’s production is, thus, the partial efficiency times the 
food energy available for production: 


= e(l7 - 17«) 

therefore the total efficiency is: 


0 

U 



V 


The maintenance requirement Un is related to the rate of fasting metabolism, 
B. The amoimt, B, of energy in body substance which the fasting animfl.! would 

lose, is saved from being lost by the food energy U^. The quotient ==- is there- 

fore the partial efficiency of food utilization for maintenance. Assuming for 
simplicity that this partial efficiency is the same as that for production, then 

B tt B 

Urn e 

Introducing this expression in the equation for total efficiency one obtains 



That means the total efficiency of food utilization is the difference between the 
partial efficiency (characterizing the nutritive content of the food), and the ratio 
between the basal metabolic rate and rate of intake of food energy. This ratio 
characterize the capacity of the animal to take in food. Partial efficiency of 
utilization of metabolizable food energy {U) is related directly to the calorigenic 
(or specific dynamic) effect of food, AQ; 

- - - 1 - 
AU AU 


There is no reason to assume that partial efficiency depends on body size. 
To the contrary, there is a good deal of evidence against such an assumption. 
Chambers and Lusk (1930) and Eaton, Cordill, and Gouaux (1936) for example 
observed that the specific dynamic action of ^ycine, administered to dogs vary- 
ing from 6 to 13 kg., was indepeadent of body size. The ratio ^ has been defined 


as the ‘^relative food level,^’ and if an animal eats to capacity then = may be 

B 


ixfoaed the '^relative food capacity” in terms of the basal metabolic rate. 
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Since the basal metabolic rate is proportional to the 3/4 powBr of body 
weight the term characterizes the relative food capacity of the ftnimal 


in terms of metabolic body size. Aside from differences in partial efiSciency 
that animal is the better food utilizer which has the greater relative food capacity. 
The food intake per and similarly the gain per kg.’^^, should be important 
characteristics for selection in breeding farm animals. 

Since there is no reason to assume that partial efficiency depends on body size, 
the question of food utilization and body size is mainly a question of whether or 
not relative food capacity depends on body size. The simple hypothesis is 
that the relative food capacity is independent of body size. Kleiber ( 1^3) , based 
on data obtained by himself and o^ers, produced some empirical evidence in 
support of this simple hypothesis. By extensive experiments, Brody and his 
co-workers have confirmed this hypothesis for lactation (Brody and Proctor, 
1935; Brody and (Dimningham, 1936). Brody and Nesbit (1938) reported that 
energetic efficiency of rats (for lactation) is within that of cows. The efiSciency 
for mechanical work is the same for kurge and small horses (Brody and Cunning- 
ham 1936) and for large and small men (Eobinson, 1942). 

A corollary to the hypothesis that total efficiency of food utilization is inde- 
pendent of body size, is the postulate that the relative rate of animal production 
is independent of body size. The relative rate of aniTYiftl production may be the 
rate of gain in body substance per kg.*^^ liie rate of mechanical work per kg.*^^ or 
the rate of milk production per kg.’^* (Kleiber and Mead, 1941, 1946). 

Kleiber’s hypothesis does not, of course, exclude the posability that there 
are good and bad food utilizers. The meaning of the hsqwthesis is that the 
comparisons of good and large food utilizers with small and bad food utilizers, 
or vice versa, should not be used to establish a relation of body size and food 
utilization. 

Similarly, one cannot directly compare young small animals with old large 
animals, even though in some cases age may not affect the relative production 
level. This is true, for example, for a considerable range in pigs. Prom figures 
given by Breirem (1939), one may calculate that the relative rate of gain for a 
20 kg. pig is 112 kcal. per kg.’^^; that of a 100 kg. pig, 118 kcal. per kg.*^^ 


. SUMMABT Aim CONCLUSIONS 

1. Among homeotherms, &om mice to cattle, metabolio rate and body size are 
correlated. This omrelation is especially hi£^ when the metabolic rates are 
measured under standard conditions. 

2. The metabolic rate of large and small homeotherms is more nearly propor- 
tional to the area of thdr respective body surfaces than to their body weights. 
This relationahip is known as the surface law. 

3. Prom five typ^ of theories interpretii^ the surface law three are rejected, 
namely: 

a. The theory based on the erroneous idea that the summated area of internal 
surfaces, such as the surfaces of the cells and the pulmonaiy alveoli, is propor- 
tional to the surface area of the body. The smilarhy in build of large and stnall 
ATiiTnaTfl cannot be extended to the dimentions of cells or alveoli. 
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b. Rejected also is the Iheoiy which bases the siuiace law on alleged differences 
in the chemical composition of large and small animals, involving such vague 
concepts as the “active protoplasmic mass”. Neither does the theory which 
makes metabolic rate a fimction of anatomical composition stand the test. Un- 
ci itical evaluation of empirical data has led to the ill conceived generalization 
that the weights of the blood, the major glands and other organs are proportional 
to the 2/3 power of body weight or to the surface area. Logical application of 
this generalization can lead to absurd r^ults. 

c. The theory relating the surface law to an allegedly genetically fixed con- 
stant oxj'gen requirement of the cells, has leather little value for a physiological 
interpretation of the surface law. This theoiy, moreover, is in opposition to 
the well known fact that the metabolic rate of animals is essentially affected by 
somatic conditions. Furthermore, the metabolic rates t)f genetically closely re- 
lated homcothenns of different size differ more than do the metabolic mtes of 
genetically very diffei-ent homeothcims but with the hame body size. Admit- 
tedly, the concepts of “genetically similai’ or differenl” may change in the future 
when the biochemistry of the gene is further devclope<l. 

4. Two of the five types of theories on smfface law are basically soimd, namely, 
the theory connecting metabolic rate with rate of heat transfer and the theoiy 
relating metabolic i-ate to blood circulation. These theories may be integrated 
into one as follow’s : In natural selection, those animals prove to bo better fit whose 
rate of oxygen consumption is regulated so as to permit the more efficient temperature 
regulation as well as the more efficient transport of oxygen and nutrients. 

6. This theoiy does not postulate a strict proporiionality between the ai’ea of a 
“true” body surface and metabolic mte. Body surface area has been used in 
very valuable w’ork on animal heat exchange (Rubner, 1902; Deighton, 1933; 
Winslow ot al., 1934-39; Burton, 1934; DuBois, 1937; Hardy and DuBois, 1938). 
As a basis for <’omparing metabolic mtes of large and small animals, how’ever, 
body surface area is not w’ell enough dcfinwl. The use of an ever increasing 
variety of surface areas, even for the same species of animals, has led to an un- 
necessary and deplorable .state of vaguenras in conipamlive phyHiolog.v of metab- 
olism. 

0. Relatively recent results on homcotherms, laiiging from mice to cattle, 
indicate that the metabolic mte per unit of tlie suidace area is greater the larger 
the animal, A linear coreelation betw'cen the logarithm of metabolic rate and 
the logarithm of body w-ei^t sliows tliat metabolic rate is pi’oportional to a given 
power function of body w’eight. The metabolic mte dirided by the 3/4 pow’er 
of body weight is independent of body size. 

7. The 3/4 pow'ei’ of body weight is therefore recommended as representative 
of metabolic body size, and “kg.*^‘” chosen as the symbol for the unit. The 
body w'd^t in kilograms, loised to the 3/4 po^\’er, mcasmes the metabolic body 
rize of an animal in 1%.*^^. 

8. The metabolic level of an animal may be choi’acterized as tlie metabolic mte 
per kg.*/*. Under siandard conditions the metabolic level of adult homeothenna, 
from mice to cattle, averages 70 kcal. per kg.*/"* per day or about 3 kcal per kg.*/"* 
per hour. 
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9. At present there seems to be no sufficient reason a^iinst the intraspecific 
application of the 3/4 power rule of metabolic rate. Modulating factors for age 
and specific statui’e may be incorporated into prediction equations for human 
metabolic rate baEicd on the 3/4 power rule. Such equations are preferable to 
the irrational regi’ession foimulas of Hanis and Benedict, and they avoid the 
connection with the ill defined body siuface involved in the Du Bois prediction. 

10. The imit of metabolic body size is useful for expressing levels of food int.fl.kfi 
and of animal production, it is a sound basis for comparing food capacity and 
production capacity of animals that differ in body size. Relative food capacity 
(maximum rate of food intake per kg.®/‘) and relative production capacity 
(maximiim rate of production pei* kg.*/*) should be flTnrtng the most important 
criteria for selecting efficient food utilizers. The metabolic body size may also 
be useful in estimating dosage of biotics. 

11. When the concepts concerned with the relationship of body size and 
metabolic mte ai’c clarified, and Avhen not only the methods of measm'ement, but 
also tliose of roporiing the data are sufficiently standardized, then comparative 
physiology of metabolism mil be of ginat help in the efforts to solve one of the 
most interesting and intricate problems of biology, the regulation of the rate of 
cell metabolism. 

Acknowledtpneut. 1 am grateful to A. H. Smith, graduate student in our de- 
partment, for valuable assistance in tlie preparation of this review. 
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Those drugs which are capable of diminishiDg or preventing several of the 
pharmacological effects of histamine and which do so by a mechanism other 
than the production of pharmacological responses diametiically opposed to 
those produced by histamine may be termed histamine antagonists or antihista- 
mine drugs. Epinephrine and its congeners are not considered as antihistamine 
drugs, being excluded by definition since they induce prominent effects such as 
broncbiodilatation, vasoconstriction, decreased capillaiy penneability, inhibition 
of intestinal activity, etc.* which represent the antithesis of those produced by 
histamine. True antihistamine drugs, on the other hand, are able to antagonize 
histamine without eliciting pharmacological responses, or if responses are elicited 
they do not appear to be of the type or degree u hich suggest an important causal 
relationship to the histamine antagonism. Excitatoiy sympathomimetic 
activity is not essential for antihistamine action since certain adrenergic blocking 
drugs ai’e capable of antagonizing histamine. Use of the term “hiatominolytic” 
with reference to drugs which antagonize histamine has been criticized (30) 
since thei’e is no evidence that the drugs referred to ui’e capable of destroying 
or neutralizing histamine. 

In the present discussion, emphasis will be placed on those drugs which are 
potent histamine antagonists and which, from the evidence available, appear 
to act os blocking agents with some degree of speciticity as regards antiliistamine 
action. Pharmacological experience reveals that specificity is relative and not 
absolute, the latter being rare or practically unattainable. Atropine and other 
antispasmodio drugs, epinephrine and related amines, and certain amino acids 
and derivatives of histamine are capable of antagonizing some of the effects 
of histamine (for refs. cl'. 78, M2, 160, 161). However, these compounds can 
bo regarded as non-specific since their ability to contract or relax smooth muscle 
and to antagonize acetylcholine, barimn and other spasmogenic agents 0 (iuh 1 s 
or exceeds theii* effectiveness in opposing histamine. 

The motivation for the development of antihistamine dioigs undoubtedly 
came from the realization that histamine, omnipresent in tissues and able to 
produce diverse effects when minute cjuantities are liberated therefrom, possibly 
acts as a mediator or regulator of phjTiiological processes and as a culprit in 
certain pathological states, f^oveml reviews cite much of the literature dealing 
with the questions concerning the involvement of histamine in various physio- 
logical mechanisms (10, 43, 46, 166). Problems to be clarified include the r6Ie 
which histamine may play in mediating vasodilator nerve impulses (U6), in 
altering capillary penneability (97, 102), in producing gastric scemtion (61, 
73, 87), pain (167), and reactive hyperemia (6). 

642 
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Recent reviews discuss evidence related to the question as to whether histamine 
is one of the factors involved in producing certain manifestations in patholo^cal 
conditions (10, 32, 43-46, 60, 149, 160, 166). Opinions concerning the rdle 
of histamine in various types of inflammatory reactions vary widely (13, 102, 
131, 160, 162, 153, 169). There is an obvious need for determining the extent 
to which histamine may be involved in radiation effects (13, 1 14), certain types 
of headache (166, 188), gastric and duodenal ulcers, traumatic, bum and surgical 
shock (186), pruritus (26, 136, 169), responses to a variety of venoms (64, 94, 
150), and toxemias of pregnancy. In the latter condition, and during normal 
pregnancy, there is the possibility that the metabolism of histamine and histidine 
may be appreciably altered (3, 92, 93). Prevalence of allergic diseases and the 
evidence which suggests that histamine accounts for some of the manifestations 
also emphasizes the importance of the development of antihistamine dnigs. 

In 1940 and 1941, the extensive critical re^dews by Dragstedt (43, 44) and 
Feldberg (60) discussed the evidence which convincingly supported the hy- 
pothesis that histamine is liberated from tissues by the antigen-antibody reaction 
and accounts for the important symptoms of anaphylaxis. Likewise, in allergic 
diseases, a variety of alterations in tissues and fluids I'^emblc the pharmacological 
response to histamine and it is customary to consider the symptoms of allergy 
as resulting from on antigen-antibody reaction. Code (32), Rocha e Silva (149, 
160) and Dragstedt (46) have recently presented additional evidence in support 
of the contention that histamine plays a prominent r61e in anaphylaxiB and 
allergy.^ These authors were cognizant of the fact that the evidence was indirect 
and circumstantial. All were aware of the need for additional evidence, even 
though indirect m type. The minute amounts of histamine which are capable 
of eliciting responses are probably not always detected by available chemical 
and biological methods. 

Interest in antihistamine drugs is related to their use: a, os pharmacological 
tools for difTerontiating between effects of histamine and those due to other 
agents; 6, as therapeutic agents to alleviate symptoms due to histamine, i.e., 
in allorgy and possibly other conditions, and c, as dkgaostic agents to aid in 
proving or disproving that symptomatology is referable to histamine or to 
other causes. 

The use of ontihistamino drugs in elucidating these numerous problems 
obviously necessitates an adequate knowledge of their pharmacologioal and 
toxicological properties, mode of action, degree of specificity, and in the absence 
of absolute specificity, a due consideration of other than antihistamine action. 

The antihistamine drugs herein discimxl will be identified before proceeding 
to a more detailed discussion of pharmacological action and toxicity. 

Fwimeau cornpounda {929 F md 1571 F). 2-lBopropyl-5-methyIphenoxy- 
ethyldiethylamine (929 F) is a phenolic ether which is frequently designated as 
thymoxyethyldiethylamine. Following the proliminmy reports from Doctor 

^ The failure to detect an elevated blood level of histaxoioe does not negate its involve' 
^Uent in tissue reactions Binoe it leaves the blood stiream with extreme rapidity (32,47,166) and 

traction methods do not ahrays detect physiologioally active amounts (63, 116). 
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Bovet^s laboratory* at the Pasteur Institute in Paris conoeming the antihistamine 
and anti-anaphylactic properti^ of 929 F (23, 170), Anne-Marie Staub (169) 


H,C CHs 



C,H, 

N -Ha 
C.H, 


2-Isopropyl-5-methylpheno3Ey- 
e^ylcQethylamme • HCl 
(Foumeau 929) 

CaHe 

/V-N CH* 

ch,ch,n"^ 

^CH, 

N-Phenyl-N-athyl-N'.N'-aimethyl- 
eriiylenediamine • HCl 
(23^ Rh6ne-Fouleno) 




C,H, 


C,H» 




OHiCH,] 


\ 


C.E. 


N -Phenyl-N , N' , N'-triethylethyl- 
enediamine*HCl 
(Foumeau 1671) 





.HCl 


N-Phenyl-N-bfflwyl-N' ,N'-dimethyl- 
ethylenediamine • HCl 
(2339 Bh6ne-Poulenc) Antergan 


publiriied extensive data relative to the antihistamine properties of several 
series of compounds S 3 ^thesized by £. Foumeau. 929 F proved to be the 
most effective of the phenoxyethylamines with respect to alleviation of the 
symptoms of histamine shock in guinea pigs, but was slightly less effective than 
1671 F, N-phenyl-N,N',N'-triethylethyleuediamine, selected from the series 
of N-phenylethylene diamines. The extensive pharmacologioal and toxicological 
studio conducted with the most promising antihistamine compounds, 929 F 
and 1671 F, deserve special commendation in view of the demonstration that 
agents could be synthesized which would antagonize histamine and also diminish 
or annul certain anaphylactic reactions. Furthermore, their findings were soon 
corroborated (24, 31, 77, 107, 110, 111, 112, 166) and rapidly extended (18, 27, 
76, 76, 106, 132, 168, 178, 186, 187). The diverse pharmacological actions and 
toxic effects produced by 929 F and 1571 F have precluded their use in therapeutics 
and extensive use as rraearch tools. The success of the French investigators 
motivated the search for superior antihistamine compounds. 

AfUergan (BSSS R.P.) and S8IB6 B.P. Evidence of definite progress in the 


* The erroneous statement has been made (146) that the starting point for the develop 
ment of antihistamine drags began in 1988 with the report of Foumeau and Bovet (Arch, in^ 
l%«rm. et thdrap., 46: 178r-191, 1988). However, the phenolic ethers considered wet 
investigated for sympathobdio properties and no reference was made to thmr effects h 
antagonlring histamine. yf 





546 


EAIUi B. LOim' 


metlioxybenzyl-N'jN'-dimethylethylenediamine (2786 R.P. or Neoantergan) 
possessed a remarkable degree of antihistamine potency, as ^own by the relief 
or prevention of bronchospasm in guinea pigs induced by anaphylaxis or adminis- 
tration of histamine. This compound was found to be capable of diminishing 
or preventing most of the effects of histamine on smooth muscle and the vascular 
system. 

In 1946, Mayer, Huttrer and Scholz (121, 122) reported the antihistamine and 
anti-anaphylactic action of a homologue of Neoantergan, N-a-pyridyl-N-benzyl- 
N' ,N^-diinethylethylenediamine (63-C or Pyribenzamine hydrochloride). Pyri- 
benzamine lacks the methoxy group on the benzyl ring contained in Neoantergan. 
The close chemical similarity between Neoantergan and Pyribenzomine would 
suggest similarities in the qualitative actions and tenacity of the two compounds 
which will be apparent from the discussion to follow. 

Hetramine, N-2-pyrimidyl-N-benzyl-N',N'-dimethylethylencdiamine, is a 
pyrimidine analogue of Pyribenzamine. In recent months, Feinstone, Williams 
and Rubin (59) demonstrated that Hetramine protected guinea pigs against 
histamine shock and anaphylactic shock. 

Benzhydryl aUcamdne ethers. The availability of benzhydiyl derivatives 
synthesized by Rieveschl and Huber (cf. ref. 110) which possessed an ether 
linkage and other structural characteristics similar to phenolic ethers such as 
929 F, motivated the author, in 1943, to test the benzhydryl alkamine ethers 
for antihistamine action. /S-Dimethylaminoethyl benzhydryl ether (Benadryl 



/9-Dimethylammoethyl benzhyd^l ether 'HCl 
Benadryl hydroohloride 


hydrochloride) and several related tertiary amines exerted definite antihistamine 
and anti-anaphylactic action (107, 110). Furthermore, it was demonstrated 
(109, 112, 187) that quaternary nitrogen derivatives of Benadryl were potent 
histamine antagonists and, although tho quaternary compounds are choline 
derivatives, they also exerted an anti-ocetylcholine or atropine-like action in- 
stead of the usual muscarinic action exmted by most choline ethers and esters 
(72.) 



N-/3-Dimetbylaininoethyl-t^ 
pjoenylamine 
^16 R. P.) 



N-^-Dimethylaminopropyl 
thiodipheDylamiibe 
(3277 R. P.) 
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Thiodiphenylafnines. According to preliminary reports by Halpem and 
Ducrot (80) and Halpem (79), two derivatives of thiodiphenylamine (3016 R.P. 
and 3277 R.P.) protected guinea pi^, rabbits and dogs against exceedingly 
large doses of histamine injected intravenously. It was stated that these 
compounds antagonized the spasmogenic action of histamine on the uterus and 
intestine and the depressor action in the cat, dog, and rabbit. Salivary, pancre- 
atic and gastric secretion (histamine-induced?) were not inhibited. 

Other compounds. Of particular importance in relation to anti-anaphylactic 
effectiveness and mode of action of n.ntihipt.aTr>in fl drugs is the discovery (1) 
of a group of compounds which oppose several actions of histamine and, in 
contrast to all other potent antihistamine compounds which enhance the pressor 
action of epinephrine, these block and reverse the pressor action of epinephrine 
(adrenergic blockmg action). a-Naphthylmethylethyl-jS-chloroethylamine and 
/5-2-biphenyloxyethyl-j8-chloroethylethylainiae* exert this dual action. They 
ore effective in alleviating histamine shock and anaphylactic shock in guinea 
pigs and in diminishing the depressor responses to histamine in dogs. a-Naph- 
thylmethylethyl-/S-chloroethylamine and Neoantergan are equally effective (1) 
in preventing fatal histamine shock (M.E.D. of 0.025 mgm./kgm., subcuta- 
neously) and anaphylactic shock in guinea pigs. 


CsHs 

H, I 

C— N— CH,CH,C1.HC1 



v\/ 

a-Naphthylmethylethyl-jS- 
ohloroethylamme • HCl 



j8-2-Biphenyloxyethyli8- 
diloroemylemylamine • HCl 


PHABMACODTNAMxrs. Doses of antihistamine drugs commonly employed 
in fl.niTnfl.lR do not exert a nuirkcd effect on respiration and the clinical literature 
containB no indication that dos^ recommended for therapeutic use in man 
have any effect (120, 140). An increased rate and amplitude of respiration 
persisted for some minutoi following intravenous injection of 929 F, 1671 F 
(1 69) and Antergan (77) in dogs anesthetized with chloralose. Sunilar responses 
have been obtained with Neoantergan, Pyribenzamine and Benadryl (112, 107, 
168, 191) in dogs anesthetized with pentobarbital pr phenobarbitd. A short 
period of apnea preceded the stimulatory phase when several of these drugs 
were injected rapidly (77, 112, 167). Witib. all compounds excepting 929 F, 
it is doubtful that the respiratory alterations are reflex response referable to 
changes in blood pr<Msure since tho brief apnea was usually concurrent with 
hypotension. Furthermore, respiratory stimulation persisted for some minutes 

* Synthesised by Drs. Q. Pievesdil, Jr , B, Henung and W. B. Coleman of Parke, Davis 
and Company, Detroit, Michigan. 
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and, in general, was concurrent -with a normal or slightly increased level of 
arterial blood pressure. 

Following administration of large oral or parenteral doses of antihistamine 
drugs, respiratory stimulation has also been noted in unanesthetized animals 
(77, 106, 120). Such stimulation usually preceded or was concomitant with 
marked excitability, tremors and convulsionB. Secondary respiratory depression 
may have been a contributory cause of death (120, 147). Mention was made of 
a general narcotic effect in rats which received large doses of Neoantergan (42) . 

The hypotension induced in anesthetized do^, cats and rabbits with large 
doses of 929 F was frequently pronounced and of appreciable duration (31, 105, 
169, 178), thus complicating interpretation of data relating to histamine antago- 
nism. Hsrpertension was reported to occur in imanesthetized dogs (132) treated 
with 929 F (40 mgm./kgm., S.C.). More potent antihistamine drugs such as 
1671 F, Antergan, Neoantergan, Benadryl and P 3 nibenzamino, induced a 
transiont hypotension in dogs when injected intravenously at a rapid rate (77, 
112, 167, 168, 169, 190). However, it is quite apparent that hypotension was 
minor in degree, absent, or replaced by a slight hypertension which persisted 
for several minutes when these dru^ were administered slowly or by other 
routes (24, 77, 112, 137, 167, 169, 182, 191). The exact cause of the hypotension 
or hypertension has not been determined although hypertension was considered 
to be in part referable to a stimulation of the central nervous system by Antergan 
(77) and Pyribenzamine (191). Following administration of Antergan, vaso- 
constriction occurred in the intestine, spleen and kidney, whereas vasodilatation 
was induced in extremities (40, 77). DeCuyper (40) reported that hypertension 
induced with Antergan was not dependent on sino-carotid reflexes or liberation 
of epinephrine from the adrenal glanck, and concluded that it was due to a 
direct, peripheral vasoconstrictive action. 

The rise in arterial pressure in anesthetized dogs following intravenous injec- 
tion of Antergan, Pyribenzamine, Neoantergan and Benadryl was sli^t in 
degree. Since the hypertension persisted for only a few minutes, it could scarcely 
be related to othor actions of the drugs, such as antagonism of histamine, which 
was demonstrable for one or more hours. Doses of antihistamine drugs which 
are therapeutically effective in alleigic diseases do not raise blood pressure 
(70, 126, 146). Tbis indicates that antihistamine drugs lack the pressor proper- 
ties possessed by epinephrine and its congeners. 

The majority of antihistainine dru^ exert some local anesthetic action (26, 
31, 42, 77, 110, 167, 169), the degree of which has not been quantitatively deter- 
mined except with Neoantergan (42). Local anesthetic action should be consid- 
ered when interpre^g effects of antihistamine drugs on vascular and cutaneous 
responses in which axon and other reflexes are involved. Such action could 
possibly be related to anti-pruritic effects and production of cutaneous analgesia 
(31, 42, 157, 158), the latter having been demonstrated following large doses 
of 929 F and Neoantergan in animfds. 

Very few studies have been made which concern the direct and indirect action 
of antUnstamine drugs upon the heart. Neoantergan was reported to exert a 
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qumidine-like action on isolated auricular tissue from rabbits (42). In normal 
human subjects, oral administration of maximal therapeutic doses of Benadryl 
for several weeks seldom lowered systolic blood pressure and did not produce 
clinically detectable alterations of the heart (126). 

Toxic doses of all antihistamine drugs, with the exception of quaternary 
derivatives of Benadryl (187), stimulate the central nervous system of animals 
as evidenced by hyporexcitability, tremors and convulsions (cf. toxic effects). 
It has been stated (29) that Anteigan enhances the excitability of cortical 
fibers and peripheral motor and sensory fibers; these effects arc m accord with 
the generalizod excitation produced in animals by Antergan (77). In animals, 
antihistamine drugs do not induce sedation, hypnosis or depressant effects. In 
contrast to the hyperexcitability and convulsions induced in several species of 
animals with large doses of antihistamine drugs is the sedation and dizziness 
which sometimes obtain in human beings following administration of thera- 
peutic doses. In man, sedation is unpredictable, variable m d^ee from person 
to person, and constitutes a side-effect which has been encountered frequently 
with Benadryl (9, 66, 68, 101, 123, 136, 146, 172), less frequently with Pyriben- 
zamine (6, 7, 68, 63, 146) and which is known to occur following use of Anter- 
gan (37, 39) and Neoantergan (37, 38). 

Untoward reactions in man which result from direct or indirect actions of 
antihistamine drugs on the gastrointestinal tract include gastric distress, nausea, 
emesis, colic and diarrhea. Such reactions are seldom encountered with 
Benadryl (9, 66, 101, 123, 135, 172) which exerts a sli^t degree of antisposmodio 
action (vide infra). They possibly occur more frequently with Ant^gan (28, 
37, 163, 164), Neoantergan (37) and Pyribenzamine (6, 7, 68, 63, 146), i.e., with 
those drugs which ore practically devoid of antispasmodic properties, but which 
are capable of inducing spasm of intestinal and uterine muscle of animals in 
vitro and in vivo (vide infra). 

Antihistamine drugs are absorbed rapidly following oral and parenteral injec- 
tion. The usual experimental and therapeutic doses exert antihistamine and 
anti-aUmrgio action in a.Tiimn.la and man for two to six hours. No infoimation 
is available concerning effective blood levels and rate or mode of destruction or 
elinaination. Analyses made by Gelvin and McGavack (71) revealed the 
presence of comparable quantities of Benadryl in the blood and spinal fluid of 
seven patients. 

Acute and chronic toxicity. Those antihistamine drugs which are now 
being used as therapeutic agents were developed concurrently, or in rapid 
succession, which fact accounts for the minimal number' of direct comparative 
studies relating to pharmacodynamics and toxicity. Comparisons of toxicity 
data obtained in different laboratories under varying conditions relative to 
technique and animals employed, may be mirieading, especially when no refer- 
ence compound is included in the stuefies which would at least permit a compari- 
son of relative toxicity values. A direct comparison (167) of the acute toxicity 
following intraperitoneal injection of Neoantergan, Pyribenzamine and Benadryl 
in mice revealed no important difference in the vilues for LD 60 which ranged 
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from 76 to 90 mgm./kgm. Acute toxicity data (LD 60) reported by various 
investigators are included in table 1. 

The tabulated data reveal that none of the antihistamine drugs are extremely 
toxic and it is unlikely that any major differences exist in relation to the acute 
toxicity of the various compounds. Furthermore, the ratio of these lethal doses 
to the small doses required to demonstrate antihistamine and anti>anaphylaotic 
activity in animals conastently yields a high therapeutic index. The magnitude 
of the toxic doses of 929 F, 1671 F fSl, 110, 169), and 2326 R.P. (24, 77) in 

TABLE 1 


Aeuie toxicity of antihiatamine drugs (LD SO in mgm./kgm.) 


iMWAL AMS 

xoun Of nfjxcxioH 

AMTSKOAH 

MEOAMmtOAa 

BCHAmn 

nUBBRAlOm 

LD50 

(Ref.no.) 

LD50 

(Rel. no.) 

LD50 

(Ref. no.) 

LDSO 

(Ref. no.) 

Mouse: 









i.p 



90 

(167) 

76 

(167) 

80 

(167) 

B.C 

176 

(24) 

150 

(24) 

180 

(147) 

76 

(120) 

oral 





167 

(147) 

210 

(120) 

i.v 

40 

(24) 

30 

(24) 



12 

(120) 

Bat; 









i-P 





82 

(110) 



8.C 

176 

(77) 





840 cf 

(120) 








225 9 


oral 


(77) 



646 

(147) 

670 d* 

(120) 








616 9 


i.v 





46 

(147) 

12 

(120) 

Guinea pig: 









B.0 

110 

(24) 

70 

* (24) 





i.p 





76 

(110) 



Rabbit: 









8.0 







83 

(120) 

i.v 





10.6 

(147) 

0 

aao) 

Dog.: 


1 

1 







i.v 





SO 

(147) 




several animal species at least suj^ests that these drugs are no more acutely 
toxic in animals than compounds included in table 1, but 920 F produced marked 
side actions in dog and man (31, 160). 

Toxic doses of antihistamine drugs in several animal species induced tremors, 
then convulfflons which were sometimes followed by depression, and finally 
death which appeared to be due to cardio-respiratory depression. The exact 
cause of death should be determined, as wdl as means of antidoting toxic amounts 
of these drugs. The ^ute toxic efiecis of antihistamine drugs appear unrelated 
to any physiological mechanism involving histamine. 
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No indications of chronic toxicity were observed in studies on blood, urine, 
parenchymatous organs, nervous system or bone marrow of dogs receiving 
Benadryl orally (147) for several weeks in daily doses (40 to 60 mgm./kgm.) 
capable of causing n^ousness, ataxia, gastro-intestinal reactions and hyper- 
esthesia of the skin. In man, administration of Benadryl for as long as ei^teen 
weeks did not cause variations in cells and other constituents of blood (126). 
Pyribenzamine has been administered orally to three human subjects for 80 
d^s (96), to four dogs for one year and to rats for many months (117, 120) 
without inducing biochemical or pathological changes in body fluids, urine, or 
tissues. Doses of Neoantergan equival^t to the maximum human therapeutic 
dose, on the basis of body wei^t, were &ven to young rats in two injections 
daily for eleven days without affecting growth (42) . 

It is encoura^g to note that the clinical literature referable to Antergan, 
Benadryl, Pyribenzamine, Neoantergan and Antistine yields no evidence as 
yet that they can induce blood d 3 ^crasias or organic changes in the nervous 
system or parenchymatous organs. 

Antagonism op histaminb. A prominent pharmacological action of hista- 
mine is its spasmogenic action on smooth muscle of bronchioles, gastro-intestinal 
tract, uterus, ureters and gall bladder (10, 61, 72). Histamine induces arteriolar 
constriction or dilatation depending on animal species or locality of vascular 
bed in a ©ven species. A conspicuous action of histamine is the productilon of 
increased capillary dilatation and greater capiUaiy permeability, the latter 
factor being most important in the production of localized edema (97). Finally, 
histamine is a potent seoretagogue which induces secretion from lacrimal, 
salivary, gastric and pancreatic glands. This seoretagogue action is probably 
most important with reference to ^tric secretion. 

A consideration of antihistamine drugs must necessarily concern their ability 
to antagonize the various actions of histamine. 

1. Bronchioles. TTsually, antfliistamine drugs have been selected and par- 
tially evaluated by determining their ability to alleviate bronchioconstriction 
whi^ is so conspicuous in guinea pi^ when histamine is injected or liberated 
during anaphylaxis (cf. 183). Until recently, it was difficult to compare the 
relative offectiveness of various dru^ since vEirious investigators used different 
techniques and frequently failed to include a standard or reference compound 
which would at least permit indirect comparisons of data from various sources. 
More roccntly, a majority of the antihistamine drugs were tested (65, 108, 1 10, 
111, 167, 187) under conditions which were sufficiently standardized as to yield 
a remarkable consistency in the incidemee of asphj^xial deaths referable to 
histamine-induced bronchioconstriction in untreated guinea pigs, and which 
permitted a fairly reliable determination of the minimal effective dose (M JE.D.) 
of a given drug which was capable of partially annullin g the action of histamine. 
Essentially, the method (110), a modification of that used by KaUds and Pagel 
(91) and others (77, 161), consists of detennming the M.E.I). of a drug which 
significantly reduced the mortality rate of guinea pi^ exposed to a letiial dose 
of on atomized histamine solution (see table 2). 
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The ability of 929 F and 1671 F to diminiBh the bronohioconstriotive effects 
of histamine in guinea pigs (23, 169, 170) has been confirmed by several investi- 
gators (31, 77, 110, 111, 156, 186). ^tergan (77, 78) and 2325 R.P. were 
more effective. Antergan exerted a hi^ degree of antihistamine specificity 
on the bronchiolar muscle of guinea pi^ since even large doses failed to relieve 
bronchioconstriction induced with an aerosol of acetylcholine and escrine (77). 

TABLE 2 


Minimum (effective doaea of aniihiatamine druga uohuA reduce the incidence of 
mortality in guinea piga expoaed to an aeroaol of hiatamine 


Dsira 

WT. 

HBSli 

KOOTC 

SEr.MD. 

2-Isopropyl-6-methylphenoxyethyldiethyl- 

285.80 

mm /ktm- 

6.0 

i.p. 

(110, 111) 

amine hydrochloride, 920 F (Foumeau) 


6.0 

s.c. 

(24) 

N -Phenyl-N , N' , N'-triethylethyleuedia- 

256.81 

3.0 

i.p. 

(110, 111) 

mine hydrochloride, 1571 F (Foumeau) 


5.0 

s.c. 

(77) 

N -Phenyl-N -ethyl -N^ , N^-dimethylethyl- 

228.75 

2.5 

8.0. 

(77) 

enediamine hydrochloride, 2825 R.P. 
(Bh6ne-Poulen.a) 





N-Phenyl-N-benayl-N', N'-dimethylethyl- 

200.81 

1.0 

8.0. 

(24) 

enediamine hychrochloride, 2839 II.P., 


0.5 

S.C. 

(77) 

Antergan 





N -Pyridyl-N -p-methoxyben*yl-N' , N'-di- 

882.87 

0.075 

i.p. 

(167) 

methylethylenediamine'HiPO^, 2786 



8.0. 

(1) 

B..P., Neoantergan 


0.1 

8.0. 

(24) 

N -of-Pyridyl-N -bensyl-N ' , N'-dimethyl- 
ethylenediamine hydrochloride, Pyri- 
benzamine 

291.79 

0.8 

i.p. 

(167) 





/3-Dimeihylaminoethyl benzhydiyl ether 

291.45 

1.5 

i.p. 

(110, 111,) 

hydrooUoride, Benadryl 
/9-Benzhydryloxyethyltrimethylammo- 

897.80 

0.5 

i.p. 

(112, 167) 
(112, 187) 

nium iodide 





N-2-Pyritnidyl-N-benzyl-N' , N' -dimethyl- 

255.88 

0.3 to 0.6 

i.p. 

(69) 

ethylonediamine, Hetramine 





a-Naphthyhnethylethyl-^-chloroethyl- 

284.19 

0.026 

8.0. 

(1) 

amine hydrochloride 






* Doses employed by Balpern (ref. 77) were capable of preventing development of serious 
symptoms, whereas those employed by other workers dimioishod mortality. Fretreatment 
with drugs was instituted 16 to 80 minutes before exposure to histamine aerosol. 


Large doses of epinephrine were required to oppose effects of either acetylcholine 
or histamine. 

In rapid succession, it was demonstrated that Neoantergan (21, 24), Benadryl 
and related compounds (109-112, 167), Pyriben Bamine (118, 122), Antistine (127) 
and Hetramine (59) were highly effective in antagonizing the bronchiocon- 
stiiotion induced in intact guinea pi^ by exposure to a histamine aerosol. 
Most of these findings have been confirmed (66, 66, 105, 167), and each of these 
drugs was capable of antagonizing the bronchioconstriction induced by intrave- 
nous icjections of histamine. 
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The relative potency of several drugs Iim also been ascertained 

by determining the number of intravenously injected LD 50 doses of hiatamiTifi 
which a iBxed dose of drug will antagonize sufficiently to prevent asphyxial 
death in guinea pigs (24, 06, 80). In general, the same relative potency of the 
various compounds is obtained by administering histamine intravenously or as 
an aerosol. Those drugs which exert a moderate degree of ftTitihTHt.n.Tnine 
activity are: 029 F, 1671 F, 2325 R.P., Antergan, Benadryl and several quater- 
nary nitrogen derivatives, Pyribenzamine, Hetramine, Antistine and several 
alkyl derivatives of /S-2-biphenyloxyethyli8-chloroethylamine (1) . A remarkable 
degree of potency was exhibited by Neoantergan, alkamine derivatives of thio- 
diphenylamine (3016 II.P. and 3277 R.P.) and a-naphthyhnethylethyl-j3-chloro- 
ethylamine (1). 3277 RJP. prevented immediate deaths following intravenous 
injection of 1 500 lethal doses of histamine (80) in guinea pigs, whereas epinephrine 
and Aleudrine were incapable of protecting against two lethal doses. 

It is known that the relative potency of drugs based on reactions in a given 
organ or tissue may be decidedly diffemnt when based on reactions in other 
tissues or organs. Because of this fact it is hi^y important to ascertain the 
degree of effectiveness of antihistamine drugs with respect to the antagonism 
of the action of histamine on the vascular system, intestinal and uterine smooth 
muscle, etc. Unfortunately, there is a paucity of data referable to such compari- 
sons (vide infra), which is regrettable since a demonstrable degree of selective 
activity in certain tissues is important when selecting drugs for experimental 
and clinical use. 

With several antUustamine drugs it has been shown that histamine-induced 
bronchioconstiiction was diminished in isolated, perfused, guinea-pig lungs (49, 
169, 192) and a limited amount of evidence indicated diminution of the histamine 
effect in other animals (50, 192) and man (35). Hewitt and Curry (84) found 
that Benadryl ameliorated bronchioconstriction and systemic reactions to 
impure preparations of streptomycin which contain histamine or a similar 
substance. 

2. IntestMl vmsclo. Staub (169) reported that 929 F and 1671 F in a 
dilution of 2 X 10* to 1 X 10^ prevented histamine from contracting isolated 
guin^pig ileum. There is oiprocment (31, 77, 112, 187) that sufficient doses 
of 929 F or 1571 F suppressed the spasmogenic action of acetylcholine and 
barium, thus indicating that these antUustamine compounds are not absolutely 
specific as was suggested for 920 F by Eosenthal and Brown (166). According 
to Halpem (77), the dilution of drugs required to completely suppress the 
^asmogenic aorion of histamine (3.3 X 10*; base?) on guinea pig intestine ^vas 
6.6 X 10* for 1671 F, 6.6 X 10* for 2326 R.P. and 1 X 10^ for Antergan. In 
order to antagonize i^e spasme^enio action of acetylcholine and barium it was 
necessary to increase the concentration of Antmrgan and 2325 RJ?. sefveral 
hundred times, the latter oampound being more specific but one-fifteenth as 
potent as Antergan in antihistamine action. 

Other direct comparisons of the antihistamine action of several drugs on 
intesrinal musdo were made by Loew ct al. (112) who foimd that spasm induced 
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with, histamine dipho^hate (1.26 X 10^) was reduced 76 to 100 per cent by 
1671 F in a dilution of 3.3 X 10® and by Benadryl m a dilution of 6 X 10^, 
whereas antispasmodics such os atropine, Pavatrine, and Trasontin were only 
effective in lower dilutions of approximately 1 X 10*. It was also revealed 
that Benadryl, and especially 1671 F, were less effective than Pavatrine and 
Trasentin as regards antagonism of the spasmogenic action of barium and 
acetylcholine. Thus, the most pronounced action of 1571 F and Benadryl was 
their antagonism to histamine, Benadryl being most potent and 1571 F the 
most specific. An extension of these studies (109, 187) with several antispas- 
modics, Benadryl and some of its quaternary derivatives, revealed interesting 
difference in potency and specificity rdating to antagonism of histamine, barium 
and acetylcholine. Histamine-induced intestinal spasm was diminished by 
Antistine (127), a drug which exhibited a moderate degree of specificity. 

Since Neoantergan is markedly effective in relieving histamine-mduced 
bronchioconstriction, it is unfortunate that there are no quantitative and com- 
parative data regarding its antihistamine action with reference to isolated 
intestinal muscle. It has been stated (42) that Benadryl was much loss effective 
than Neoantergan and that the inhibiting dose of Neoantergan was less than 
the dose of histamine required to induce spasm (24). Mayer (118) stated that 
a dilution of Pyribensamine of 5 X 10' was suflBicient to prevent the spasmogenic 
action of histamine in a dilution of 1 X 10' and occasionally 1 X 10*. Pyri- 
ben gamine (118) and Neoantergan (42) weakly antagonized the spasmogenic 
action of acetylcholine. 

In anesthetized dogs, spasm of the intestine induced with histamine has been 
blocked by 929 F (169), Pyribenzamine, Neoantergan and Benadryl (167). 

The antisposmodic action of antihistamine drugs as evidenced by their ability 
to diminish the tonus and spontaneous motility of isolated rabbit intestine, or 
the intestine of intact dogs, was not marked in the case of 929 F and 1571 F 
(76, 169), 2326 R.P. (77), Neoantergan and Pyribenzamine (42, 167). In fact, 
Neoantergan and Pyribenzamine stimulated intestinal and uterine activity 
when injected intravenously in anesthelfized dogs, whereas Benadryl decreased 
tonus and motility of the int^tine (167). In unanesthotized dogs, 929 F usually 
had only a variable and transient inhibitory action on the stomach, duodenum 
and jejunum and no important effect on hhe terminal part of the ileum (76). 

In view of these findings it is quite apparent that the majority of antihistamine 
drugs do not prevent E^asm or exert a prominent relaxing effect on intestmal 
muscle except under conditions in which histamine has produced increased 
tonus, hypennotUity or spasm. Benadryl exerts a weak antisposmodic action. 

3. Uterine muede. Histamine has a powerful oxytocic action, Mayer (118) 
stated that 929 F and 1671 F were capable of contracting the isolated guin^ 
pig uterus, their spasmogenic action being sufiELoient to interfere wiih a demon- 
stration of antihistamine activity. However, Staub (169) had previously 
reported that 929 F, in a dilution of 2 X 10*, contracted the uterus whereas a 
dilution of 1 X 10* failed to do so and antagonize the oxytocio action of his- 
tamine. Maym* (118) stated that the antihistamine activity of Antergon and 



PEABMACOLOGi; OP ANTIHISTAMINB COMPOUNDS 


555 


Pyribenzauiine was sufSciently higher their ^asmogenic activity to permit 
a demonstration of histamine antagonism. Halpem (77) reported that both 
Antergan and 2325 R.F. exerted a strong excitant action on isolated guinea-pig 
uterus. According to Bovet and Walthert (24), both Antergan and Neoanteigan 
exhibited a degree of spasmogenic action which precluded a satisfactory demon- 
stration of specific antihistamine action on the isolated guinea-pig uterus, 
although Dews and Graham (42) demonstrated histamine antagonism with 
Neoantergan in a dilution of 5 X 10®; with rat uterus, the inhibiting action of 
histamine was not altered by non-spasmogenic amoimts of Neoantergan. An 
obvious need exists for quantitative data obtained from several fl-nimfl.! species 
to replace the statements, opinions and “typical” experiments which concern 
the spasmogenic action of 929 F, 1571 F, Antergan, 2325 HJP., Pyribenzamine 
and Neoantergan, and the ability of these drugs to antagonize the oxytocic 
action of histamine. No data are available concerning the action of Benadryl 
on the isolated uterus. 

In anesthetized dogs, the intravenous injection of Pyribenzamine and Neo- 
antegan in doses of 3.0 mgm. per kgm. caused contraction of the uterus, whereas 
the same doses of Benadryl failed to do so (167); each of the drugs antagonized 
the contracting effect of injected histamine. 

The limited data available warrant the tentative conclusion that the anti- 
histamine agents, with the exception of Benadryl, are capable of contracting 
uterine muscle, and that all antagonize the spasmogenic action of histamine. 
Although Benadryl exerted a weak aniaspasmodio action on bronchiolar and 
intestinal muscle, none has yet been experimentally demonstrated for uterine 
muscle. The reviewer is unaware of any evidence whatsoever concerning the 
ability of antihistamine drugs to oppose actions of pituitrin on the uterus or 
other tissues. Quantitative data rdative to effects of antihistamine drugs on 
uterine tissue of several species of animals are needed, and studies should deter- 
mine the effectiveness and specificity with t^ard to antagonism of various 
spasmogenic agents, especially pituitrin. 

4. Arterial blood pressure. Although Staub (169) reported that 929 F failed 
to antagonizo the depressor action of histamine in chloralosed dogs, positive 
results were later demonstrated (31, 132) when small doses of histamine were 
employed. In rabbits, histamine shock (178) and hypertension induced with 
small doses of histamine have been diminished by 929 F (169) and hypotension 
induced with large doses of histamine in unanosthetized rabbits was diminished 
by 1571 F, Antergan and Neoantergan, the lattm* drug being effective in intra- 
venous doses of 0.5 to 1.0 mgm. per kgm. of body weight (143). 

Reports by Bovet and co-workers (20, 21, 24) revealed tiiat Neoantoigan 
was markedly effective in diminishing the depressor action of histamine in 
anesthetized dogs; nasal plethysmograph measurements indicated lessened 
vasodilatation. Pyribenzamine (167, 189) and Bmiadryl (112, 167, 181, 182) 
also diminished the depressor action of histamine in dogs. Comparative studies 
with Neoantergan, Pyribenzamine and Benadryl in dogs anesthetized with 
pentobarbital (167) revealed that each drug in intravenous doses of 3.0 mgm. per 
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kgm. body weight diminished the depressor action of histamine the same degree 
(ca. 55 per cent). Thus, these drugs appeared to possess equal potency with 
regard to antagonizing the depressor effects of identical doses of histamine in 
dogs even though their ability to antagonize the bronchioconstrictivc action of 
histamine in guinea pigs varied widely. However, examination of data relating 
to Benadryl-histamine antagonism (112, 182) reveals that the percentage 
inhibition of the depressor aetion of histamine only varied within small limits 
when the dose of Benadryl was varied several-fold. It is therefore possible 
that quantitative data derived from experiments of suitable design may reveal 
differences in potency of these drugs. Neoantergan and thiodiphenylamine 
derivatives (3015 R.P. and 3277 R.P.) prevented death of dogs, rabbits and 
guinea pigs following tremendous doses of Mstaminc injected intravenously (80). 

Benadryl produced some diminution in the depressor response to acetylcholine 
(112, 167, 1G8) and since it weakly antagonized the spasmogenic action of 
acetylcholine on intestinal muscle (108, 109, 112, 187) and was capable of 
producing mydriasis and altering accommodation (82, 109, 126), it is apparent 
that Benadryl has a weak atropme-like action. The evidence available indicates 
that 1671 F, Antergan, 2325 R.P., Neoantergan and Pyribenzamino have only 
a slight atropine-like action (24, 77, 160) on intestines and bronchioles and the 
latter two compounds fail to diminish tho depressor action of acetylcholine (167). 

The essential pharmacological difference between Benadryl and the a-amino- 
pyridine derivatives appears to be that Benadryl is less specific as an antihis- 
tamine drug by virtue of a higher degree of anti-acetylcholine action which may 
be expressed as an antispasmodic effect not appreciably apparent with Neoanter- 
gan and Pyribenzaniine. In fact, the latter are spasmogenic in certain concen- 
trations. Quantitatively, Neoantergan and Pyribenzamine were more effective 
than Benadryl in diminishing severity of histamine shock in guinea pigs (65, 
66, 167) but the data now available arc not sufficient to prove that there is a 
wide difference in effectiveness in antagonizing actions of histamine on the 
vascular syst^. Since the clinical literature reveals very close similarity in 
tho ability and inability of Benadryl and Pyribenzamine to alleviate symptoms 
of various allergic diseases, it is apparent that clinical efTectiveaess is not directly 
related to degree of antihistamine action in guinea pigs. 

It may be concluded that antihistamine drugs not only antagonize excitatory 
effects of histamine on bronchiolar, intestinal and uterine smooth muscle, but 
also prevent the relaxing or inhibitory effects of histamine on the vascular 
system, as indicated by antagonism of the depressor action of histamine in 
dogs and its coronary dilating action (42) in cats. 

The data now' available relative to the effects of antihistamine drugs on 
bronchiolar, uterine and intestinal smooth muscle, indicate that the term muscu- 
lotropic antiEpasmodio fails to characterize definitely drugs which are potent 
and appreciably specific as antagonists of tho spasmogenic action of histamine. 
The term antispasmodic would not be applicable with reference to the ability 
of these drugs to prevent histamine from relaxing smooth muscle of systemic 
arterioles and coronary vessels in carnivores, or from increasing permeability 
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of capillary endothelium (vide infra). For these reasons it becomes apparent 
that the term “antihistamine” is most useful in describing and classifying these 
drugs. 

5. CapiUary permeability and cutaneous reactions. The question r^arding 
the r61e which histamine plays in inflammatory reactions is important for such 
reactions are elicited by thermal, chemical, mechanical and photic stimuli ;those re- 
actions which are referable to bacteria or allergens are intimately related to inomu- 
nological processes. In the localized inflammatory r^ponse, the flare and wheal 
are related, respectively, to vasodilatation and accumulation of edema fluid. The 
immediate cause of vasodilatation and especially of localized edema in inflam- 
matory reactions is therefore of importance and increased capillary permeability 
is an important factor relative to the transudation of fluid from capillaries to 
injured tissues (97, 131). 

Of the substances known to increase capillary permeability, histamine is 
probably the most potent (34, 102) and comparatively large amounts are present 
in pkin (4, 10, 74, 116, 155, 157). Histamine appears to be somewhat specific 
in inducing cutaneous reactions for it was effective at a concentration of M/10,000 
whereas a variety of other amines, imidazoles and miscellaneouB substances 
were found to be effective only in concenlrations of M/2 to M/100 (34). 

The measurement of cutaneous responses to histamine, allergens, and other 
substance are semi-quantitative and usually restricted to observations, or 
actual measurement, of the diameter of the area riiowing a flare and wheal. The 
effects of antihistamine drugs on these cutaneous reactions have seldom been 
measured in a precise manner and the scope of the various studies has been 
limited. For these reasons, the discussion regarding the effect of antihistamine 
drugs on localized cutaneous reactions to a variety of stimuli is largely descriptive 
rather than explanatory. 

In the rabbit and dog, extravasation of dye has been used as a measure of 
increased capillary permeability, Beoadiyl (98), Neoantergan (14, 15, 98) 
and Fyribenzamine (145) diminished or annulled the localized accumulation of 
dye wMoh usually follows intradennol injection of histamine. Benadryl did not 
protect the cutaneous capillaries of the rabbit against other injected or liberated 
substances (98) since trypan blue rosponsM to trypsin, venom of Crotalus 
adamonteus, staphylococcus toxin (Burky strain B!a), heparin, tetracame 
(Pontocaine), codeine, and horse serum were unaltered in non-sensitized rabbits, 
Althou^ Friodloonder and Feinbog (64) believed that local application of 
Benadryl reduced a wheal and flare r^ponse to codeine sulfate (scratch tost) 
in man it is pertinent to consider that a 5 per cent solution of Benadryl would 
exert local anesthetic action and thus affect axon reflexes concerned in flare 
reactions, l^ata from sensitized rabbits were suegestive but did not prove or 
disprove that histamine was importantly involved in the cutaneous response 
to fyntigflTi (98). None of the evidence obtained or cited suggested that choline 
or an estmr "was concerned in the responses to any of the agents employed. 

The experimental data obtained from rabbits (98) strongly suggost a, that 
tho action of n-’ntihjsttaTnin ft drugs on capillary permeability was limited to an 
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antagonism of histamine, and b, that trypsin, snake venom, and staphylococcus 
toxin increased capillary permeability through some mechanism which did 
not involve histamine. The studies made with non-sensitized rabbits providetL. 
no support for the contention that inlaadermal injections of various agents 
causes liberation of histamine which accounts for incroased capillary permeability 
(154), although similar studies with oilier antihistamine drugs should be made 
in several animal species. 

The wheal and flare referable to intracutaneous injections of histamine in 
man were frequently diminished following oral administration of Antergan 
(28, 136, 139, 176, 179), Neoantergan (176), Benadryl (48, 67, 64, 126, 141) 
and Pyribenzomme (7). The highest incidence and degree of diminution of 
cutaneous responses to histamine occurred when threshold doses of histamine 
were injected in subjects treated with adequate doses of antihistamine drugs. 

This evidence that antihistamine drugs diminish cutaneous reactions to 
administered histamine su^ests that the drugs should diminish reactions to 
substances known or suspected of containmg histamine. Trypan blue responses 
of equal intensity produced in dogs by histamine and ascitic fluid were attenuated 
proportionally by Neoantergan (16), thus suggesting that ascitic flihliL contains 
histamine. Other evidence of the presence of histamine in ascitic fltid and 
pleural exudates has been adduced (12, 16, 162, 163). It is conceivable that 
some of the reactions observed by Menkin (129--131) in his studies on inflam- 
mation which were attributed to a specific factor, leucotaxine, may have been 
due to histamine. 

More data are needed relative to the antagonism of the cutaneous effects of 
snake (136, 139) and bee venoms (2). It vros stated that Antergan therapy 
had no effect on erythema induced by ultraviolet irradiation of a limited area 
of hiunan skin (139). 

Frequent attempts have been made to diminish localized anaphylactic reac- 
tions in the skin of animals and man by pretreatment with antihistamine drugs. 
I.argo dos(^ of 929 F and Antergan in tuberculous guinea pigs did not minimize 
the severe cutaneous reactions produced by injection of 10 mgm. of crude tuber- 
culin intradermally; Antergan failed to diminish cutaneous responses to smaller 
amounts of tuberculin (16). In man, the cutaneous responses to both histamine 
and tuberculin wore diminished by Antergan (26). 

Hemorrhagic cutaneous reactions (Rchwortzmon), W'hidi followed intravenous 
mjections of bacterial toxin in rabbits previously sensitized locally, were dimin- 
ished by Neoantergan administered subcutaneously in divided doses over a 
period of ten hours (24). Failure of 929 F and Antergan to diminish such 
hemoirhagio responses (17) in sev^al lubbits could have been referable to the 
use of lai^ doses of toxin and inadequate duration of treatment with drugs 
less potent than Neoantergan. 

Support for the concept that liberation of histamine from tissues accounts 
in part for the allei^c type of inflammatory reaction is the evidence that anti- 
histamine drugs diminish dermographic responses (8, 67, 64, 136, 139, 163) 
in man and the responses induced by intradermal injection of allergens (7, 64, 
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176). In axldition, the clinical literature reveals that a comparatively hi^ 
percentage of patients with acute or chronic urticaria derive definite symptomatic 
relief when treated with antihistamine drugs. Diagnostic skin-testing pro- 
cedures effected to determine the presence of hypersensitivity should obviously 
not bo conducted in patients who have recently ingested an antihistamine drug. 

Antihistamine drugs probably dimmish whealing by preventing histamine 
from increasing capillary permeability or by acting directly to decrease permea- 
bility. If the action is direct, antihistamine drugs should diminish increased 
capillary permeability caused by a variety of agents which do not contain or 
liberate histamine. According to Gelvin, Elias and McGavack (70), Benadryl 
did not affect the permeabilitiy of meningeal capillaries which are permeable 
to Benadryl smcc cmnparable quantities of the drug were found in blood and 
spinal fluid of seven patients (71). According to the prevailing concept, the 
erythematous flare induced by cutaneous injury depends upon axon reflexes. 
E\'idence obtained by Parrot and Lefebvre (138) indicated that Antergan 
prevented histamine from initiating such reflexes; the failure of Antergan to 
prevent vasodilatation in dogs following electrical stimulation of antidramio 
nerve fibers rendered it unlikely that histamine was acting os a mediator. 

It will be important to determine the extent to which the action of an tihi sr- 
tamine drugs is referable to a direct effect upon capillaries, an antagonism of the 
effect of histamine on permeability and ability to initiate or mediate axon 
reflexes, or an enhancement of the effects of epinephrine (cf. discussion concern- 
ing specificity). Antihistamine drugs which fail to enhance, or actually block, 
effects of epinephrine may prove useful in elucidating the effects upon capillaries. 

Since antihistamine dnigs were capable of diminishing the vasodepressor 
action of histamine and its action of increasmg capillary permeability it is 
significant to note that Benadryl (86) and Antergan (88) failed to induce bene- 
ficial effects in hemorrhagic and traiunatic shock, respectively. 

6. Glandular secretion. The ability of antihistamine drugs to antagonize the 
actions of histamine on the vascular system and on smooth muscle in several 
locations suggests that such drugs mi^t inhibit lacrimal, salivary, gastric and 
pancreatic secretion following stimulation of these glands with histamine. If 
so, they could 1)0 employed advantageously to elucidate the question as to 
whether histamiue plays any physiological r61e in these secretory processes. 
Whether histamine is related to tire secretory response of the stomach to food 
and the secretion occurring in abnormal conditions is a moot question (51, 73, 
87). If hypersecretion and gastric retention are etiological or aggravating 
factors in “peptic ulcer,” a drug with gastric secretory depressant and anti- 
spasmodic properties would certainly warrant clinical trial. 

Loew and Chiokering (106) found that subcutaneous injection of 929 in 
dogs with gastric pouchy (Heidenhain) previous to a subcutaneous injection 
of histamine actually increased the volume and acidity of secretion over that 
which obtained during control periods when only the histamme stimulus was 
employed. IlaUonbeok (76) corroborated these findings in experiments in 
which the histamine stimulus was effected in a more phytiological manner, viz. 
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by slow intravenous infusion or absorption from a beeswax mixture. By an 
unknown mechanism, 929 F did diminish secretion in response to a meal stimulus 
in dogs with innervated and denervated pouches (Pavlov, Heidenhain, trans- 
planted). 

In dogs with denervated pouchy, 1571 F failed to modify secretion after a 
food stimulus (18) but inhibited secretion in dogs with innervated pouches (75), 
which suggests that the drug exerted a central nervous action. Ignorance of 
the fact that secretion may vary according to whether the gastric pouch is 
innervated or denervated undoubtedly aecoimts for the statement (146) that, 
'*The effect of compoimds 929 F and 1571 F on gastric responses to histamine 
or on (sic) food ingestion in dogs varies with the experimenters.” 1571 F 
almost halved the output of histamine-induced secretion (18) although when 
large single doses of histamine were employed (27) neither 929 F nor 1571 F 
inhibited secretion. In summarizing, it is apparent that 929 F failed to antag- 
onize the gastric secretogogue action of histamine and that secretory inhibition 
demonstrated with 1571 F was probably not referable to a specific antagonism of 
histamine since pilocarpine-induced secretion from denervated pouches was 
also inhibited (18). 

Pretreatment of dogs with Benadryl inhibited secretion from denervated 
gastric pouches approximately 40 per cent when the histamine stimulus (0.5 
mgm. histamine diphosphate) was ^ven as a abngle subcutaneous injection (112). 
However, secretion was not inhibited in all dogs and recent evidence indicates 
that Benadryl (67, 160) and Pyribenzamine fail^ to antagonize the secretogogue 
action of histamine in dogs with various types of pouches. Some inhibition 
was noted after treatment with several quaternary nitrogen derivatives of 
Benadryl (69). Benadryl did not prevent formation of duodenal and gastric 
ulcers in dogs which received large amounts of histamme in beeswax (67). No 
conspicuous inhibition of histamine-induced gastric secretion occurred in dogs 
pretreated with diethylaminoethyl-dOiydroanthracene (100), diethylaminoethyl 
fluorene-9-carboxalate (99) or several alkyloxytriazin^ (106) which weakly 
antagonized histamine (108). Thiodiphenylamine derivatives (3015 R.P. and 
3277 E,P.) apparently failed to inhibit salivary, pancreatic and gastric secretion 
(80). 

In the rat, Neoanteigan did not inhibit the secretogogue action of histamine 
(50 mgm./kgm., subcutaneously), althou^ atropine (200 mgm./kgm., subcuta- 
neously) was effective (24). Seemin^y the rat is a poor choice of experimental 
animal if such large doses of drugs are required to stimulate or depress secretion. 

It was stated (164) that the previous ingestion of Antergan by human subjects 
did not modify secretion of acid following injection of histamine. In six subjects 
(37) the intravenous injection of Antergan in doses sufficient to produce delate 
symptoms reduced the volume but not the total amount of hydrochloric acid 
secreted following subcutaneous injection of histamine dihydrochloride (1.0 
mgm.), although the local and systemic effects were attenuated. Neoantergan 
also failed to reduce the total add secrete by two subjects, although it elimi- 
nated all other dfeots of histamine. Prdiminary studies in man did not provide 
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unequivocal evidence that Benadryl appreciably antagonized the secretogogue 
action of h ista min e (123, 124) and of alcohol (125), which may liberate histamine. 
Appreciable doses of Benadryl infused intravenously failed to significantly 
decrease the volume and free acid conc^tration of gastric juice in duodenal 
ulcer patients given a test meal, or histamine, subcutaneously or intravenoudy 
(133). 

Ihe available evidence from man and anima-lp justifies the conclusion that 
none of the a nt ih i st amin e drugs directly antagonized the gastric secretogogue 
action of histamine. Thus, at least one of the prominent effects of histamine 
was not significantly diminished by antihistamine drugs. 

Halpem (77) has stated that the intravenous injection of 2326 RJP. and 
Antergon in dogs augmented salivary secretion and that thiodiphenylamines 
(80) did not affect salivary, pancreatic and gastric secretion. In anesthetized 
cats, Yonkman ct al. (190) noted that salivary secretion induced by carotid 
injections of histamine was hi^y variable but appeared to be diminished or 
annulled by Pyribonzamine. Lacrimation induced with histamine was stated 
to be definitely suppressed after injections of I^nbenzamine. Salivary secretion 
was still elicited by faradization of the chorda tympani nerve or by injecting 
pilocarpine. In some experiments, Pyribenzamine appeared to sensitize the 
salivary secretory response to such a variety of agents and procedures as to 
suggfflt riiat experimental conditions were improperly controlled. Among 
patients receiving therapeutic doses of Antergan, Pyribenzamine or Benadryl 
there is such a low incidence of xerostomia (163, 146) as to suggest that neither 
the antihistamine nor atropine-like qualities q£ these agents are physiologically 
important in relation to salivary secretion. 

Because of the absence or paucity of data and the non-quantitative nature of 
that which exists, it would be premature to express on opinion concerning the 
ability of antihistamine drugs to antagonize the secretogogue action of histamine 
on lacrimal, salivaiy and pancreatic glands. Since histamine-induced gastric 
secretion was not antagonized, consideration must be given to the posabilify 
that histamine acts on secretory cells through some mechanism which differs 
from that obtaining in endothelial and smooth muscle cells; or, antihistamine 
drugs do not reach or have no ofiiniiy for the elements in the secretory cell which 
react to histamme. 

Efficot of antihistamike: drugs m anaphtiiAxib ard allergy. It is not 
the prime piupose of this review to present a detailed, critical evaluation of 
the evidence relating to tho histamme theory of anaphylaxis and allergy (cf. 10, 
32, 44, 46, 60, 140). The problem is of extreme importance, however, both 
from theoretical and practical standpoints. Therefore, at least a portion of 
pertinent evidence now available relative to the use of antihistamine druga in 
elucidating the problem is cited. 

The symptoms and reactions to histamine in a given species are nearly identi- 
cal to those occurring in anaphylaxis, llie reactions to histamine differ from 
one species to another since different shock organs or tissues give rise to the 
dominant reactions. Correspondingly, the anaphylactic reactions differ from 
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species lo species, but in a given species they are always strikin^y similar to 
histamine reactions. Antihistamme drugs should therefore be effective in 
diminishing histamine and anaphylactic reactions in each species if histamine 
is significantly involved in anaphylaxis. 

All antihistamine drugs which so effectively antagonize the bronchioconstric- 
tive action of histamine aro capable of diminishing the severity of anaphylaxis 
m the guinea pig, in which animal bronchioconstriction is the prominent feature 
(for refs. cf. 32, 44, 60, 183) of anaphylaxis. Anaphylaxis has been alleviated 
in intact guinea pigs by treating with 929 F (166, 169, 170), 1571 F (109, 169, 
186), Antergan and 2326 R.P. (77, 103), Neoantergan (24), Benadryl (65, 107, 
165), Pyribenzamine (7, 65, 118, 122), Antistine (127), Hetramine (69), the 
thiodiphenylamine, 3015 R.P. (79), anda-naphthybnethylethyl-jS-chloroethylam- 
ine (1). Tolerated doses of antihistamine dru^ are more effective in the 
prevention of both histamine and anaphylactic shock than comparatively large 
and even "poorly tolerated doses of atropine (77), theophylline (52, ICK), 107, 
110, 111), papaverine (62, 107, 110, 111, 169) epmephrine (77, 90, 100, 111) 
and other drugs possesting anti^asmodic action (77, 100, 142, 169). All of 
this evidence, and especially that obtained with antihistamme drugs, supports 
the belief that histamine is involved in producing the symptoms of anaphylaxis. 

With antihistamine drugs, the lowest doses (rajely proven to constitute 
minimal effective doses) used to demonstrate anti-anaphylactic action in guinea 
pigs are sometimes greater than the minimal effective doses required to relieve 
histamine shock. For example, the doses of Pyribeiizamme, Neoantergan and 
especisdly 3016 R.P. used to demonstrate anti-anaphylactic action (24, 65, 79) 
were appreciably greater than one would e:q)ect necessary in view of their 
effectiveness in antagonizing administered histamine. Before this type of 
.data can be used as evidence that factors other than histamine are importantly 
involved in anaphylaxis it will be necessary to obtain quantitative data relating 
to anaphylactic and histamine ^ock under conditions os strictly comparable 
as possible. If the protective action of antihistamine drugs is satisfactorily 
demonstrated to be appreciably less i^ainst anaphylactic shock than against 
histamine shock it will still not constitute weighty evidence that some factor(s) 
other tiian histamine is involved to an unportant degree since in anaphylaxis 
histamine may be released in more intimate contact with tho effector portion 
of the reacting cells (100) than can bo effected by administering histamine. 

Anaphylaxis in the dog is intimate connected with the release and action of 
histamine (for refs. cf. 32, 44, 60, 183), the most conspicuous feature being 
hypotension resulting from vasodilatation, increased capillary permeability, 
contraction of hepatic veins and engorgement of tissues dramed by the portal 
system. In a limited number of esqperiments, Antergan (77) and Pyribenzamine 
(191) diminishe d hypotension and symptoms of anaphylaxis in dogs. Wells, 
Morris and Dragstedt (183) demonstrated absence of mortality upon injection 
of horse serum in 22 sensitized dogs treated with Benadryl, whereas 9 or 34.6 
per cent of the 26 untreated animals died. Tho persistence of some degree of 
hypotention when shook was induced in Beuadiyl-treated fl-T\iTnfl.1s does not 
prove that agents other than histamine were involved since histamine blood 
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levels were increased and it was prcvioudy shown (182) that Benadryl diminislied 
but did not abolish the hypotensive action of the quantities of histamine involved. 

In rabbits, anaphylaxis or histamine administration causes transient hyper- 
tension and then hypotension and death due to circulatory failure which is 
secondary to a marked constriction of pulmonary blood vessels (44). AtiDpuie, 
epinephrino and ephedrine (177) failed to diminish the hypotension occuning 
during anaphylaxis, Neoantci’gan (24, 143) proved more olTectivo than 929 F, 
1671 F and Antergan in diminishing the hypertensive responses to histamine in 
non-anesthotized rabbits. In anaphylaxis, 929 F (178) and the sympatholytic 
agents, 933 F and 883 F, were somewhat effective in fliTniniRhing reactions (174, 
176) although appreciable vasodilatation and hypotension induced with these 
agents (41) may account, in part, for the effects. Additional data regarding the 
effectiveness of potent antihistamine a^ts, and other drugs, in controlling 
anaphylaxis in rabbits are needed. Comparisons with the effectiveness of 
ominophylline and a study of the mechanisms involved would be valuable in 
view of the possibility that the effectiveness of aminophylline in “epinephrine- 
fast” asthmatic patients may bo due to its ability to diminish pulmonary vascular 
resistance (100). 

Following publication of the statement that Ncoantergon actually increased 
the lethal action of histamine in mice (24 and cf. 80), Mayer and Broiisscau (1 1 9) 
compared the effects of other antihistamine drugs in anaphylactic shock and 
histamine shock. Although Pyribenzamino reduced the severity of anaphylaxis 
produced with large intravenous doses of antigen, these authors stated that 
Pyribenzamine and Benadryl were both definite synergists of histamine in mice. 
However, it appears probable that the synergism, or additive effect, was actually 
between the antihistammo drugs and the large volumes of acidic solution in- 
jected intravenously into such small animals (0.26 to 0.76 ml. of 2.0 per cent 
histamine acid phosphate per mouse; 1.0 ml. per minute). These results cannot 
be accepted as proof of an exception to the paraUclism between histamine and 
anaphylaetie shock in a given animal species. 

Further evidence concerning the effectiveness of antihistamine drugs in 
diminishing or pixwenting anaphylactic responses is included in the section 
dealing with localized cutaneous reactions to histamine and antigens (vide supra) 
in animals and man. 

A few studies relative to anaphylaxis in vitro have been made. The spasm of 
sensitized smootli muscle which follows addition of antigen to the perfusing or 
bath fluid is likely due to histamine liberated from the tissue. For the most 
part the reactions are qualitativdy and quantitatively typical of those induced 
by adding proper amounts of histamine. 

Bronchospasm induced by adding antigen to ffuid perfused through isoLatcnl, 
sensitized, guinearpig lungs was lessened by Benadryl (49), whereas Pyribon- 
zamine (102) failed to decrease spasm, possibly because large omoimts of antigen 
(10 mgm. of horse serum) were employed. Perfusion experiments with isolated 
lungs are not ideally suited for quantitative detorminations of the relative 
potenoies of antihistamine drugs or for determination of quantitative reflation- 
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ships referable to degree of effect against antigen and histamine. 1571 F (186) 
prevented antigen and histamine from decreasing the flow throuf^ coronary 
vessels of the sensitized guinea pig-heart. 

The spasm induced by adding antigen to isolated intestinal and uterine 
muscle from sensitized animals has been diminished or annulled by 929 F (156, 
169, 170), Antergan and 2325 E.P. (77), 3015 R.P. (79) and Antistine (127). 

Reactions to trypsin. In view of the similarity of reactions in trypsin shock 
and anaphylaxis, as well as the numerous observations which supported the 
hypoth^is that the toxicity of trypsin was referable to the enzymatic release 
of histamine from tissues, it is significant that Benadryl 1, failed to provide 
protection against the lethal action of trypsin in guinea pigs and dogs; 2, only 
very sli^tly diminished the hypotensive action of trypsin in dogs (184), and 
3, did not prevent the increased capillary permeability induced with crystalline 
trypsin in rabbit’s skin (98). Furthermore, trypsin injections in dogs did not 
increase blood histamine sufficiently to account for severity of reactions (184), 
and in view of other evidence (171) it is now doubtful that the histamine hypoth- 
esis, relative to the toxicity of trypsin, is tenable. 

Summaiy. Thus the evidence cited indicates that specific antihistamine 
drugs diminish several pharmacological responses to administered histamine 
which ore of the type which could account for a variety of anaphylactic reactions. 
These drugs also diminish those anaphylactic responses which are considered 
as being due to histamine. Furthermore, in several animal species a parallelism 
exists between histamine and anaphylactic responses, both of which are prevented 
or controlled with antihistamine drugs. The use of specific antihistamine 
drugs as pharmacological tools has therefore provided e\ddence which even 
more firmly establi^es the concept that histamine causes the major manifesta- 
tions of anaphylaxis. 

In addition, the effectiveness of antihistamine drugs in controlling certain 
allergic manifestations in man has been established and it is pertinent to note 
that therapeutic efficacy demonstrated thus far is restricted to allergic diseases, 
and possibly a few other conditions in which there are some reasons for consider- 
ing histamine as an etiological agent. This constitutes strong evidence that 
histamine is involved to an appreciable extent in several allergic diseases. 

Antihistamine drugs have been selected and partially evaluated on the basis 
of their striking effectiveness in alleviating bronchioconstrictlQn induced in 
guinea pigs with histamine or by anaphylaxis. In clioical use these agents have 
exhibited much less efficacy in bronchial asthma than in angioneurotio edema, 
urticaria and seasonal rhinitiB, i.e., in conditions in which vascular reactions 
undoubtedly play a prominent rdle. limitation of space does not permit 
discussion of possible explanations of such differences, although mention should 
be made of tiie posiubilily that bronchiolar smooth muscle of the guinea pig 
differs markedly from that in other species, both in regard to sensitivity to 
histamine and tiie blocking action of antihistamine drugs. 

Since antihistamine drugs do not always complete block effects of histamine 
and fail to diminish significantly certain effects such as the stimulant action of 
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histamine on gastric secretory cells, their failure to HimiTiiah or prevent a given 
n^onse does not necessarily eliminate the possibility that histamine bears a 
causal relationdiip. 

Specificity op anthiistaminb drugs and relation to autonomic func- 
tions. From the experimental evidence available it appears that 1671 F, Anter- 
gan, Neoantorgan, Pyribenzamine and Antistine exert a low, and probably 
msignihcant, dogixje of atropine-liko action. It is doubtful whether the anti- 
histamine and anti-allergic activity of Benadryl is closely related to atropine-like 
action since such action is weaker (112, 187) than that exerted by antispasmodic 
dru^ buch as Pavatrine and Trasentin which do not prevent anaphylaxis or 
effects of histamine on bronchioles and the vascular system. In support of the 
belief that atropino-like action of antihistamine drugs is unimportant is the 
fact that those drugs employed clinically seldom produce tachycardia or inhibit 
sahvation. From a theoretical standpoint, even a slight degree of atropine-like 
activity could be important if the drugs simultaneoualy enhanced activity of 
tissues receiving sympathetic innervation. Consideration must therefore be 
given to evidence that antihistamine drugs potentiate responses to epinephrine 
and stimulation of adiener^c nerves. 

Antcrgan enhanced retraction of the nictitating membrane in rabbits and the 
rise of blood pressure in dogs following injectiona of epinephrine (40, 137). 
When adequate doses were injected intravenously, Benadryl, Neoantergon and 
Pyrribenzamine increased the height and duration of the pressor response to 
epinephrine in anesthetized dogs (112, 167, 168, 189). Sherrod et al. (167, 168) 
demonstrated that this phenomenon was not referable to an atropine-like 
blocking action of the antihistamine drugs on the cardiac vagus since under the 
experimental conditions even atropine failed to enhance the pressor .action of 
epinephrine, and furthermore, the antihistamine drugs still induced the phenome- 
non in atropinizod and vagotomized dogs. The biological signiffcance of this 
potentiation of epinephrine must be questioned imtil the phenomenon is demon- 
strated in unancsthetizod animals or man and data are adduced to show that 
other odrenorgio responses ore appreciably augmented by antihistamine drugs, 
and that this property is agnificantly related to antihistamine action. The 
failure of Benadryl to elevate tho blood sugar lovel in man or to decrease glucose 
tolerance (126, 144) strongly suggests that no appreciable sympathomimetic 
action was oxerted since a sensitivo indicator of epinephrine action is a rise in 
blood sugar (11). In oats, Pyribenzamine (189, 190) did not consistently 
enhance several responses to injected epinephrine and sympathetic nerve stimu- 
lation. No potentiation of adrenergic r^onses has been reported to occur 
after administration of 929 F, 1571 F, and 2325 R.P. 

There is still other evidence that adrenergic potentiation or sympathomimetic 
action docs not account for the pronounced antagonism of histamine effected 
by tho drugs under consideration. There is agreement (77, 86, 11 1) that ephed- 
line fails to reduce tho severity of bronchioconstriction induced with large doses 
of histamine in guinea pigs, although it did reliece bronchioconstriction in an 
asthmatic patient injected with histamine (85). Doses of epinephrine which 
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produce symptoms in guinea pigs are not as effective as tolerated doses of several 
antihistamine drugs in alleviating symptoms of severe histamine shock (77, 
80, 111). The author was unable to demonstrate any synergism between 
ephediine and Benadryl in reducing mortalily of guinea pigs upon induction 
of histamine shock (105). A strong argument against tho hypothesis that 
sympathomimetic properties, or some type of adrenergic potentiation, is a 
requirement for potent antihistammo action resides in the fact that 929 F 
antagonizes histamine as well as certain effects of epinephrine (22, 31); also 
there is the recent demonstration (1) tlmt certain adrener^c blocking agents 
are also exceedingly potent antagonists of histamine, both actions being rapid 
in onset and of remarkable duration. 

a-Naphthylmethylethyl-/3-chloroethylamine dimini shod or blocked adrenergic 
excitatory actions induced by nerve stimulation or epinophrino injection in 
do^ and cats. Pressor responses to epinephrine were readily reversed. On a 
dosage basis, this naphthyl derivative was more effective than opinephrine in 
preventing histamine shock and anaphylactic shak in guinea pigs. In dogs, 
the hypotensive action of histamine was blocked or diminished. The anti- 
histamine action could not be entirely dependent on sympatholytic or adrenergio 
blocking action since among higher alkyl homologues of the naphthyl compound 
there were individual compounds wth singular sympatholytic potency which 
did not antagonize hislamine. Furthermore, tho author (105) has been unable 
to demonstrate antagonism of histamine with adrenergio blocking agents such 
as Priscol (83), dibenzyl-j8-chloroethylamino (Dibenamine) (134) and a series of 
benzhydrylalkyl-^-chloroethylamin^ (113). The dioxane derivatives, 2-pi- 
peridinomethyl-1, 4-benzodioxane (933 F) and 2-diethylaminoinothyl-l, 4-benzo- 
dioxane (883 F), which are best knonm as adrenergic blocking drugs, were 
somewhat effective in diminishing effects of injected histamine, as wcU as ana- 
phylaxis, in rabbits (174, 175). Such effects could bo related to vasodilatation 
and hypotension produced by these compoimds (41). 933 F and 883 F failed 
to decrease severity of histamine shock in guinea pigs (105), although 933 F 
diminished histamine-induced intestinal spasm (173). If some potent anti- 
histamine drugs actually do potentiate adrenergic responses whereas others 
exert a sympatholytic action, it is difficult to conceive that strong antihistamine 
action is dependent on either type of activity. 

From the evidence now available it appears unlikely that the anti-anaphylactic 
and wati-allcrgic activity of Antergan, Nooantergan, Benadiyl, Pyribenzamine 
and Antistino is importantly related to either an atropine-like activity or to an 
augmentation of adrenergic responses. These drugs can be regarded as fairly 
specific antagonists of histamine. Further studies relating to specificity of action 
are needed and the detailed study of all antihistamine compounds ^ould obvi- 
ously include determination of atropine-like, sympathomimetio, synipatholytic, 
qnimdine-like, local anesthetic, aatispasmodio and other propertieB. 

Mode of action. Mode of drug imtagonism may be of three types (30, 
68, 148). An example of indirect physiologlGal antagonism is the ability of 
epmephiine to induce bido^cal responses which ore independent of, and dia- 
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metrically opposed to, such a>ctions of histamine as the production of broncho- 
spasm, vasodilatation, increased capillary permeability, contraction of intestinal 
muscle, etc. This type of antagonism is rather non-specific in character since 
epinephrine will diminish or annul certain pharmacological effects of numerous 
drugs. The other two tjrpes are both direct antagonisms. Drug action may be 
annulled or diminished if direct chemical reactions render the drug inactive by 
reduction, oxidation, conjugation or formation of salts or complexes. Finally, • 
a direct antagonism may involve competition between two substances for a 
given site of action or receptive substance. This type of antagonism is reversible 
and one of the most specific in nature. 

It has been repeatedly stated that there is no indication that 
drugs act by combining with or destroying histamine, or by activating diamine 
oxidase or ^'histaminase*^ which are known to inactivate histamine and other 
amines, although the only pertinent evidence reported concerns 929 F (31, 169). 

The major action of antihistamine drugs is probably exerted directly on the 
peripheral effector cells which respond to histamine since antagonism has fre- 
quently been demonstrated on isolated tissues or organa. The antagonism 
exerted peripherally coidd be modified by nervous or humoral influences in the 
intact animal. Quontitativo data obtained by Wells ct al. (181, 182) indicates 
the probability that Benadryl antagonizes the hypotensive action of histamine 
in dogs by adsorbing onto the site of action of histamine where it exerts no 
action except that of emnpeting with and diminishing the action of histamine. 
The quantitative data reported by Halp^ (81) concerning Antergan-histamine 
antagonism on isolated intestinal tissue also renders it probable that a direct, 
competitive inhibition was involved. The available evidence suggests that the 
antagonism of histamine is comparable to the antagonism betw'een atropine 
and acetylcholine, and between adrcner^c blocking agents and epinephrine, 
where there is a competition between two types of molecules (30, 148, 182). 

Although antagonism of histamine with drugs may be regarded as a com- 
petitive affair it docs not necessarily involve compounds with close chemical 
structure as is the case with chemical analogues in the p-aminobenzoic add- 
sulfouomide and other metabolitc-ontimetabolite systems (cf. 180). Quaternary 
ammonium derivatives of Benadryl are choline ethers which po^ess, in addition 
to antihistamine action, the unique property of antagonizing acetylcholine (109, 
112, 187). It is doubtful whether this choline ether-acetylcholine antagonism 
is closely related to analogous chemical structures since the most pronounced 
action was the choline ether-histamine antagonism where no similarity in struc- 
ture obtains. Smee Bovet and Walthert (24) first noted the diversity of the 
chemical nature of antihistamine drugs and the homogeneity of their pharmaco- 
logical actions, several other types of antihistamine drugs have been foimd (1, 
80, 110). The diverse chemical nature of compounds which antagonize his- 
tandne, along with the evidence that some of these compounds also alter r^iponses 
to acetylcholine and epinephrine, immediately suggests that their antihistamine 
action is not closely related to a competition between chemical analogues. It 
would appear much more likely that antihistamine drugs alter surface tension or 
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are adsorbed onto one or more components of the reactive tissue so as to obviate 
the usual response to histamine. The specificity of antihistamine action varies 
with different compounds for some alter the r^ponse to acetylcholine, epineph- 
rine and possibly other substances. 

Rocha e Silva (161 ) pointed out the fact that there is a possible interdependence 
between the sites of attack of acetylcholine and histamine, since adequate quan- 
tities of atropine, the specific inhibitor of acetylcholine, also antagonize some 
of the effects of histamine (cf. 33). Other facts support the concept that ace- 
lylcholine and histamine act on closely related cellular components or on identical 
components in a slightly different manner. First, there is the close similarity 
of action of histamine and acetylcholine such as their secretory and vasodilator 
effects and the spasmogenic action on uterine, bronchiolar and intestinal smooth 
muscle. Flecondly, some anti-acetylcholine activity is exhibited by most of 
the agents which antagonize actions of histamine, including the antihistamine 
drugs herein discussed, amino-acids (cf. 78, 142, 150, 151), certain derivatives 
of histamine and amino-acids (20, 160, 161), and a number of antisposmodics 
(62, 100, 108, 112, 161). 

Consideration should probably also be given to an interdependence between 
the sites of attack of histamine and epinephrine for there are some similarities 
in their action, os well as conspicuous differences. It should be noted, however, 
that most of the antihistamine drugs, under certain conditions and with proper 
doses, either enhance or diminish certain effects of epinephime. The three 
agents, acetylcholine, epinephrine, and histamine, all occm* in the animal organ- 
ism and may exert their physiological activity by acting through closely related 
mechanisms. 

Some effects of epinephrine are diminished or blocked by 929 F (22, 31). 
Dioxane derivatives (883 F and 933 F) which block or reverse certain actions of 
epinephrine (41, and cf. 72) may antagonize histamine (169, 173-176), although 
the evidence is not entirely convincing. Of especial signihcance is the recent 
demonstration that a-naphthylmethylethyl-j8-chloroethylamine, and related 
compounds, strongly antagonize certdn actions of botii histamine and epine- 
phrine (1). Elucidation of the pharmacological properties and mode of action 
of compounds which antagonize both histamine and epinephrine in on extraor- 
dinary manner will indeed bo important since comparisons can be made with 
rmlts obtained with those antihistamine compounds (Ante:^n, Neoantorgan, 
Benadryl and Pyribenzamine) which, under experimental conditions at least, 
are known to enhance the pressor and possibly other actions of epinephime. 

The effectiveness of antihistamine drugs in controlling anaphylaxis and 
allergy appears to be definitely related to their ability to diminish or block the 
effects of histamine upon vascular and visceral smootix muscle and permeability 
of capillaries. None of the evidence suggests that antihistamine drugs influence 
the antigen-antibody reaction. It is pertinent to note that blood levels of 
histamine increased in the usual mannOT following injection of antigen in dogs 
protected with Benadiyl (183). The rise in blood histamine reported ajs occur- 
ring in normal human subjects following treatment with Antergan and Neoanter- 
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gan (140) requires confinnatioii and explanation. In animals, Antistine (128) 
and Antergan (104) did not inhibit antibody formation. Tho injection of 
Pyribenzamine (7) failed to change the complement titer of serum, and when 
the drug was mixed wdth antibody and aniigon the precipitin titei’ was not altered. 
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THE METABOLISM OF ACETIC ACID IN ANIMAL TISSUES 
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Biophyeica, Ifniveraity of Chicago 

Althou^ acetic acid has long been suspected to be an intermediate in animal 
metabolism, the significance of its rdle in biochemical processes has only recently 
been recognized. The lack of interest in acetic acid metabolism during the past 
is in part attributable to the inadequacy of methods for identification and for 
quantitative determination of amall amounts of acetic acid, and partly due to the 
fact that in isolated tissues acetic acid appears to possess only limited reactivity. 

Until recently the principal approach to problems of intermediary metaboligm 
has been the balance e^tpeiiment, i.e., the measurement of the changes in concen- 
tration of the reaction product induced by varying concentrations of suspected 
precursor. The only reactions of acetic acid in animal tissues which could be 
reasonably well established by balance experiments were the acetylation of 
fore^ amines (1, 2) and the formation of acetoacetic acid (3, 4, 5). A much 
greater variety of reactions involving acetic acid has been revealed with the aid 
of isotopically labeled substrates. The utility of the tracer technique for the 
study of intermediary metabolism derives from the fact that with its aid bio- 
chemical conversions become demonstrable irrespective of whether or not the 
total quantity of the reaction product undergoes a change. Thus the use of 
labeled acetic acid has been of particular service in detecting acetate formation 
and in demonstrating its participation in processes which proceed independently 
of exogenous acetate supply, viz., the biological syntheses of steroids, fatty acids, 
porphyrin, glucose and urio acid. 

Li general, it will prove more useful to review a broad s^ment of intermediary 
metabolism rather than the metabolism of a singlo compound. Indeed, the 
great diversity of biochemical processes, catabolic and anabolic, m which acetic 
add is involved would require a much more comprehensive disou^on of related 
subjects of intermediary metabolism than can be given here. Also, the present 
reTiew is concerned mainly with the metabolism of acetic acid in animal tissues, 
althou^ reference will be made frequently to processes occurring in other cells. 
This will be necessary because in many cases the discoveiy of a biochemical 
process in microorganisms has preceded and forecast on analogous reaction in 
animal tissues. 

There is evidence to suggest that there exists a biologlcdly active form of 
acetic add but its identity has not been estabMred. In the present review the 
terms acetic add, acetyl and Ci unit will be employed, sometimes interchange- 
ably, without any intent of specifying a chemically defbied entity. 

Ton AosirrLA.TioN beaotxoi^. The acetylation of foreign amines and amino 
adds will be discussed in some detail because this reaction has been of great 
value for the elucidation of various afpects of acetic add metabolism in animal 
tissues. 
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Acetylation is one of the processes occurring ydth foreign ftminfifl prior to their 
elimination from the animal body. To what extent acetylation takes place 
in a given case will depend on the chemical nature and the dosage ( 6 ) of the for- 
eign substance and on the species of the test animal. In rats, sulfanilamide is 
in part excreted unchanged, partly converted to N-acetyl sulfanilamide and 
oxidized to a hydroxyl compound which can subsequently be conjugated with 
glucuronic acid. No ocelylation of aromatic n-miTifla such as bulfanilamide 
occurs in the dog (7, 13). Also, no unique mechanism exists for the disposal of 
foreign a-amino acids of the type represented by 7 -phenyl oc-aminobutyric acid 
or cyclohexyl alanine. Depending on experimental conditions, the feeding of 
these a min o acids will yield varying proportions of N-acetyl amino add, hydroxy 
acid, keto acid and oxidation products derived from the latter ( 8 ). Beactions of 
this kind have been classified as detoxications, a phannacologioal term which 
is generally taken to mean that the body tends to modify foreign substances in 
such a manner os to render them less injurious to the cell either by increasLog 
their solubility in biological fluids, thus preventmg deposition of foreign bodies, 
or by conversion to derivatives which have less affinity for enzyme systems. 
The observation that in some instemces the toxidty and insolubility of the con- 
version product exceeds that of the original compound, as m the case of acetyl- 
sulfanilamide ( 0 ), has made it evident that this typs of change undergone by the 
foreign substance in animal tissues could no longer be adequately described as a 
detoxication (10, 11). Available evidence indicates that there are but few 
organic compounds which are entirdy refractory to attack by animal cells. 
The fact that substances are metabolized which are not normally constituents of 
animal tissues does not necessarily imply the existence of a multitude of en;^ 3 rme 8 
which operate only when the foreign substance is offered to the cell. Thus the 
coupling of ^ucuronic acid not only with camphor, bomeol or phenol, but also 
^vith normally occurring steroid alcohols, or the acetylation of natural as well as 
of foreign amino acids suggests that these conjugation reactions are not induced 
by the administration of foreign substances but merely reflect events which are 
part of the normal intermedioiy metabolism. The acetylation of a foreign 
amine may then be attributed to an enzyme which has as its normal function 
the acetylation of a naturally occurring amine. The emymes concerned in 
“detoxication” reactions have not been sufficiently characterized to answer 
the question whether there erist normal substrates for the enzymes which act 
upon foreign substances. The enzyme which catalyzes the acetylation of 
sulfanilamide has been purified ( 2 ), but the investigarion of substrate specificity 
has not been extended to normally occurring amino acids, p-amino benzoic 
acid is acetylated by the same system although at a somewhat riower rate than 
sulfanilamide. 

As an example of a purified enzyme which does not differentiate between a 
normal and foreign substrate, the 1-amino acid oxidase of Green et al. ( 12 ) may 
be mentiemed. In the presence of the enzyme, phenylaminobutyric acid, a 
foreign amino acid, is oxidatively deaminated more rapidly than any of the 
natural amino acids. Evidently, in this case ensymatio activity is determined 
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by the a amino acid configuration and not by whether the amino acid is foreign 
to the cell. 

The view that metabolic occurrences with foreign substance in animal tissues 
mirror normal events formed the basis for the classical investigations of 
Neubauer, Knoop and Dakin, who employed phenyl-substituted compounds as 
models for the study of fatty acids and amino acid metabolism. It attests to 
the validity of the original concepts that the conclusions arrived at by these 
investigators some forty years ago have not required any fundamental revision. 

Acetylation of amines. Following the early finding of Cohn (13) that p-nitro- 
benzaldehyde was converted by the dog to acetyl p-aminobenzoic acid, acetylE^- 
tion was more closely investigated with the phenyl derivatives of glycine and of 
a-aminobut3Tic acid (8, 14) . Although these experiments were deagned to study 
synthesis and degradation of amino acids, they yielded equally important evi- 
dence with regal'd to the participation of acetic acid in intermediary metabolism. 
Knoop (8) diowed that the feeding of racemic phenylaminobutyric acid led to 
the excretion of an optically active acetyl derivative which he found to bo identi- 
cal with the acetyl compound formed in the animal from 7-phenyl a-ketobutyric 
acid. Knoop erroneously assigned the unnatural configuration to this acetyl 
amino acid and concluded that the acid of natural configuration had been 
converted to the acetyl derivative of the unnatural isomer. Similarly the acetyl 
derivative of what Knoop believed to be 1-phenylalanine was excreted unchanged 
while the acetyl derivative of the amino acid of opposite configuration, judged 
from the behavior of the racemic acetyl amino aid, appeared to be readily 
metabolized (15). In view of these findings Knoop was unable to retain his 
original suggestion that acetylation was a process of normal amino acid metab- 
olism. However, when the configuration of the stereoisomers of phenylalanine 
was established by du Vigneaud and Meyer (16) it became clear that the con- 
figCirationB assigned by Knoop were incorrect and that, as was subsequently 
shown by du Vigneaud and Irish (17), the acetylphenylalanine which was 
metabolicolly inert belonged to the d-series. The same authors demonstrated 
that the acetyl compound excreted after feeding of racemic phenylaminobutyric 
acid was derived from the 1-acid and that it was the amino acid of unnatural 
configuration which underwent optical inversion. Th^ findings re-established 
the esperimental basis for the acetylation hypothesis. Knoop had originally 
suggested that acetylation was part of a synthetic process leading to acetylamino 
acids by condensation of the corresponding keto acids with pyruvic add and 
ammonia, in analogy to the in vitro reactions described by Erlenmeyer (18) and 
deJong (19). That acetylation was not necessarily linked to the amination of 
keto adds was shown by du Vigneaud et al. (20), who found that phenylamino 
butyric acid labelled with retained during its conversion to the N-aoetyl 
derivative nearly all of the originally present, indicating that acetylation of 
the amino or imino add had occurred. On the other hand, was entirely 
replaced by normal nitrogen when similarly labeled d-phenylaminobutyric was 
converted to the acetyl 1-add, a r^ult whioh pdnted to the intermediate for- 
mation of phenylketobutyric acid. No need exists to postulate two separate 
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mechanisms for the acetylation of the isomeric amino acids if it is flamiTTipH that 
acetylation is preceded by inveision of the d- to the 1-acid. The same authors 
also studied the acetylation of phenylaminobutyric acid in aniTnn.]p whose body 
fluids were enriched with DjO. One atom of deuterium was introduced at the 
a carbon atom during the acetylation of both isomeric phenylaminobutyric acids. 
This can be explained readily in the case of the d-acid as resulting from the reduc- 
tive ammation of the intermediate keto acid by hydrogen derived from the labded 
body fluids. On the other hand, introduction of deuterium at the a carbon atom 
of the acetyl 1-acid without simultaneous detachment of nitrogen, as shown by the 
retention of N“, can be visualized only if there exists an equilibrium between 
amino and imino acid which permits reversible hydrogenation and ddiydrogena- 
tion. du Vigneaud et al. (20) therefore suggested a mechanism of acetylation 
in which condensation of the imino acid with pyruvic acid was the initial step, a 
scheme akin to that of Knoop (8) with the difference that the imino acid takes the 
place of keto acid plus ammonia. The formulation of the reaction was based on 
the assumption that pyruvic acid was the most likely source of acetyl. The 
subsequent demonstration that acetic acid is an acetylating agent for amines 
(1, 21) eliminated the necessity to associate the reversible hydrogenation-dehy- 
drogenation, as indicated by the uptake of isotopic h 3 rdrogen at the a carbon of 
acetyl amino acids, with the acetylation reaction. It is more likely that amino- 
imino acid equilibria are established independently of the aceiylation reaction as 
a general property of amino acids. In some instances the acetylation of foreign 
amino acids of unnatural configuration seems to proceed more rapidly than 
oxidative deamination and subsequent inversion. S-bensyl d-cysteine (22), 
p-bromophenyl- and p-bromobenzyl d-C3rsteine (23) are in port converted to 
acetyl d-amino acids. These results provide additional evidence that acetyla- 
tion can be independent of the amination of keto acids. 

Precursors of acetyl grouj)8. From the many attempts to identify the nature 
of the acetyl precursor by balance experiments with intact animals no clear 
picture has emerged. For instance, tiiere are reports both that the dietary 
addition of acetate depresses (24, 25) and increases (26) acetylation of sulfanil- 
amide. In balance experiments with intact animals a significant answer is to be 
expected only if the exogenous supply of precursor is the limiting factor. The 
probable acetyl precursors such os acetate, pyruvate, or acetoacetate must be 
available from metabolic reactions in much greater quantities than are required 
for the acetylation of the relatively small amounts of foreign amine which can 
be given to n-niTnalH BO that the dietary addition of precursors is unlikely to 
influence the yield of acetylated product. Direct evidence concerning the 
sources of acetyl groups for foreign amines has been obtained from feeding 
experiments with isotopically labeled t^ substances. Bernhard has adminis- 
tered to humans and rabbits deuterio acetic acid (21) and deuterio ethanol (27), 
as a source of acetyl for either sulfanilamide, p-amino benzoic add or cyclohexyl- 
alanine (28). In all cases high concentrations of deuterium were found in the 
excreted acetyl derivatives, demonstrating the converdon of both acetate and 
ethanol to acetyl groups for aromatic amines and foreign a amino acids. Similar 
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resultB were obtained with the stereoisomers of phenylaminobutyrio acid by 
Bloch and Bittenberg (29, 30), who studied the quantitative aspects of the 
acetylation reaction. When equal amoimts of labeled acetate are fed together 
with either d- or 1-phenylaminobutyrio acid, or with sulfanilamide or p-amino- 
benzoio acid, the excreted acetyl groups contain m all cases about the same 
concentrations of isotope. This indicates that acetic acid is an equally ef&cient 
source of acetyl groups for the two ts^pes of foreign amines represented by 
phenylaminobutyric acid (a amino acid) and sulfanilamide (aromatic amine). 
From the data obtained it was concluded that acetic acid is the main source of 
acyl groups in the acetylation of foreign amines. The level of isotope in the 
excreted acetyl groups amounts to a relatively small fraction only of the labded 
acetic acid administered. This dilution of isotope is believed to result from the 
mixing of the exogenous labeled acetate with acetic acid arising in intennediary 
metabolism (30). 

The ability of acetic acid to acetylate anunes is also clearly indicated by 
experiments with surviving tissues and tissue extracts. Acetylation of 
sulfanilamide has been investigated in dices of guinea-pig liver by Klein and 
Harris (1) and in homogenate and extracts of pigeon liver by Lipmann (2). 
In these investigations the aromatic amines, sulfanilamide and p-amiaobenzoic 
acid, were used as acetyl acceptors because conjugation could be followed con- 
veniently by determination of the disappearance of diazotizable amine. That 
acetyl sulfanilamide was the product formed was established by isolation. In 
these systems acetate was the most potent acetyl donor, while acetoacetate and 
pyruvate diowed a lesser effect. The results su^^ that the immediate reactant 
is either acetic acid itself or a Cs compound which under these conditions arises 
more readily from acetate than from p 3 rruvate or acetoacetate. Five times as 
much acetylsulfanilamide was formed under aerobic than under anaerobic 
conditions (2). The linking of acetylation with an oxidative process is further 
illustrated by the finding that the acetate effect is abolished by oxidation poisons 
such as cyanide or iodoacetate (1). Although oxygen does not enter into the 
formal equation of the acetylation by acetate, aerobiosis is required to supply 
the energy for the condensation. lipmann has demonstrated that acetylation 
sulfanilamide takes place also anaerobically if ‘'energy rich” i^osphate in the 
form of adenoane triphosphate is provided (2), It is not likely that the function 
of adenosine triphosphate contists in the formation of acetylphosphate since the 
addition of this compound does not elevate the levd of anaerobic sulfanilamide 
acetylation. The enzyme system concerned in the acetylation of thase aromatic 
amines is most abundant in pigeon liver and has been found to be extractable (2). 

A different enzyme seems to be r^onsible for the acetylation of a amino adds 
by acetate. Bloch and Borek (31) found, with the aid of deuteiio acetate, 
acetylation not only of 1-phenylaminobutyiic add but also of the natural amino 
adds, leudne and phenylaknine. The yields of acetylamino adds were mudb. 
hi^er with dices from rat liver than from those of guinea pig or pigeon. After 
incubation with labeled acetate, amino add and non-isotopic acetylamino add 
as a carrier, the quantities of acetylamino add formed could be calculated from 
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the isotope content of the isolated acetylamino acid. The amounts of acetyl 
compound obtained with phenylammobut 3 Tic acid were much greater than with 
the two natural amino acids, presumably because the acetyl derivative of the 
foreign amino acid is not further metabolized while the acetylated natural amin o 
acids seem to be short-lived intermediates. Thus, under the same experimental 
conditions the acetylderivative of a natural amino acid, acetylglycine, was found 
to be deacetylated. 

These results indicate that aromatic amines and both natural and foreign 
a-amino acids effectively utilize acetic acid as a source of acetyl groups. It is 
evident that whatever the nature of the Cj compound which is the immediate 
acetyl precursor, it can readily be formed from acetic acid itself. The effect of 
adenosine triphosphate on the acetylation reaction observed by Lipmann (2) 
suggests that the condensation between the carboxyl group of acetic acid and the 
amine involves the elimination of ph<wphoric acid rather than of water. Since 
the eifect of adenosine tripho^hate cannot be attributed to the intennediaiy 
formation of acetylphosphate, the pcwsibility remains to be explored that phos- 
phorylated sulfanilamide or an acetyl draivative of adenosine triphosphate may 
be formed as intermediates. 

The existence of a second mechanism of acetylation and of another source of 
acetyl groups is indioated by results obtained with labeled alanine (29, 30). 
Alanine which contains deuterium at the a and /5 carbon atoms causes the 
excretion of deuterio acetyl groups when phenylamino butyric acid is simul- 
taneously administered, but only a sli^t exc^ of isotope is f oimd in the acetyla- 
tion product when sulfanilamide or p-aminobenzoic acid are fed as acetyl 
acceptors. Since alanine, in contrast to acetate, provides acetyl groups for 
a amino acids ony, its effect cannot be explained on the basis of intermediate 
formation of acetic acid. The effect of alanine may reasonably be ascribed to 
the condensation of a Cs compound, presumably pyruvic acid, with an imino 
acid and subsequent decarboxylation of the condensation product to an N-acetyl 
derivative. In this case the failure of alanine to acetylate aromatic amines can 
be readily understood since imino acids cannot arise from aromatic amines. 

The above result which provides experimental evidence for the acetylation 
schemes suggested by Knoop (8) and du 'Vigneaud et al. (20) is of interest in 
several r^pects. Tho reaction; 

CHbCOCOOH + KCH(NHa)COOH -b iOi ROH(NHOOOH|)COOH -f- 

CO, -h H,0 [1] 

fip.n be assumed to proceed with an overall decrease of free energy so that it 
becomes unnecessary to postulate the intermediate formation of an active Ca 
compound as the immediate precursor of N-acetyl groups. This is in contrast to 
the acetylation of amines by acetic acid which is an endergonic process and there- 
fom requires coupling with an energy yielding reaction. The conversion of 
pyruvic acid to acetyl amino acid, by effecting the d^radation of a three carbon 
compound to a Ca unit without intermediate formation of free acetic acid, offers 
a possible mechanism for the conversion of pyruvate to the oxidation level of 
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acetate, a step in the oxidation of carbohydrate which is little understood at 
present. 

That there may exist a connection between acetylation reaction [ 1 ] and l^e 
formation of acetoacetato from pyruvate has been pointed out by Krebs (32). 
The fact that ketone body formation from pyruvate in liver is greatly enhanced 
in the presence of ammonia (33, 34) can be explained on the basis of acetylamino 
acid formation from keto acid, ammonia and pyruvate, and subsequent condensa- 
tion of acetyl groups to acetoacetate Formation of an N-acetyl derivative from 
pyruvate has so far been demonstrated only with phenylamino-butyric acid but 
not with natural amino acids. Also, the ability of N-acetyl groups to yield 
acetoacetate remains to be tested. 

The direct participation of acetoacetate as an intermediate in the acetylation 
of amines by acetic acid has been considered but appears unlikely in view of 
the following findings (29, 30) : deuterioacetyl groups are formed from butyric 
acid labeled with heavy hydrogen either at the a or the 7 carbon atoms, indicating 
that both two carbon moieties of the intermediate acetoacetic acid are employed 
for acetylation. Secondly, deuterioacetic acid which also contains at the 
carboxyl position affords N-acetyl groups in which the relative proportion of C“ 
and D remains unchanged. The formation of acetoacetate from such doubly 
labeled acetate would entail replacement of deuterium by normal hydrogen, but 
no loss of C“, as the result of the following reactions: 


2CD,C«OOH 


■HDO 


+H,0 


CDjC“OCDsC«OOH 


-D 


+H 

1 

(CD 3 CIK)) + (CH,C“0) 


t CD 3 C“ONa==CDC«OOH [ 2 ] 


Any acetyl formed by way of acetoacetato should therefore have a diminished 
D : ratio. Since the conversion of acetate to N-acetyl is not accompanied by 
any loss of carbon-bound deuteriiun. acetoacetate may bo iTilod out as an inter- 
mediate step. The fact that the D : ratio is not affected in a leaction in which 
acetic add is utilized also speaks against a rapidly occurring interconver&ion of 
acetate and acetoacetate in the intact animal. The significance of this finding 
with regard to fatty acid catabolism will be discussed later. 

Metabolism of acetylamino adds. The occurrence of a process by which acetyl 
groups can be distributed betw'een amino adds is suggested from data obtain^ 
with labded acetylamino adds (35). These experiments were carried out in 
order to determine whether the acetyl derivatives of natural amino acids can be 
biologically deacetylated. Any acetic acid liberated from these compounds 
diould become demonstrable by its capacity to acetylate foreign amines. When 
the deuterio acetylderivatives of glycine, alanine, leucine or glutamic add were 
fed together with phenylaminobutyiic add, deuterium was found in the excreted 
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acetyl pheDylanmiobiit 3 nic acid, but the level of isotope was very much hi^er 
than that obtained after feeding of equivalent quantities of labeled acetic acid. 
This result was interpreted as showing that the foreign amino acid had received 
acetyl by direct transfer from the administered acetylamino acid H-nd that in the 
process no intermediate formation of free acetic acid had occurred. The high 
isotope concentrations in excreted acetylamine were not obtained when x>-ainino 
benzoic acid was the foreign amine. In the transfer of acetyl groups an a amino 
acid is therefore necessary as an acetyl acceptor. Only the acetyl derivatives of 
natural amino acids can serve as acetyl donors; the labeled acetyl derivatives of 
d-alanine, d-loucine and sarcosine failed to yield deuterio acetyl groups. These 
results paralled those obtained with acety^l d-amino acids in growth experiments 
and substantiate the conclusion that no biological mfinhaniRm is available for 
the deacylation of acetyl d-amino acids. The fact that a-amino acids are 
necessary both as acetyl acceptors and as acetyl donors may perhaps indicate 
that the transfer reaction is coupled with dehydrogenation at the a carbon atom 
of the amino acids and that in order to allow the reaction to occur the steric 
configuration of the hydrogen at the a carbon must be that of the natural amino 
acids. Data on the acetyl transfer reaction have so far been obtained only with 
phenylaminobutyric acid as acetyl acceptor. In vivo the acetyl derivatives of 
natural amino acids do not accumulate sufficiently to permit their isolation. 
Transacetylation as a process which operates between two natural amino acids 
therefore remains to be demonstrated. 

Organic chemical reactions representing inteimolecular transfer of acetyl 
groups to amino acids have been known from the investigations of Bergmann 
et al. Bergmann, du Vigneaud and Zervas (36) found that the acetyl groups of 
diacetyl diketopiperazino are readily shifted to free amino acids. The reaction 
proceeds in aqueous solution at room temperature: 

Acetyl anhydropeptide + amino acid — ► anhydropeptide + acetylamino acid [3] 

Acetyl transfer was also shown to occur with a hisiidine derivative which 
contamod the acetyl substituent at one of the imidazole nitrogen atoms (37). 
Evidently an acetyl group is more reactive when linked to a secondary nitrogen 
and its transfer to a primary amino group m viUro will therefore occur ^n- 
tancously. This raises the possibility that the acetyl donor concerned in the 
biological transfer of acetyl groups may be an N-acetylpeptide rather than a free 
acetylamino acid. On the basis of these model reactions Bergmann and Zervas 
(37) suggested that acetylamino acids might play a r61e in the biologcal forma- 
tion of peptide bonds. This hypothesis assumes added significance in view of the 
demonstration that the acetyl derivative of natural amino acids are biolo£pcally 
formed (31) and that a mechanism exists for the shifting of acetyl groups from 
one amino acid to another (35). 

The formation of an acetylamino acid presumably requires a very sim ilar 
quantity of energy as the formation of a peptide bond, i.e., 2.5 to 3.0 K cal. (38). 
This energy can readily be supplied by the acelylation mechanism [1] which 
involves the conversion of pyruvic acid to N-acetyl. On the other hand, it is 
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not clear which energy yielding step facilitates the acetylation of amino acids 
by acetate. 

Acetyl amino acids may react with free amino acids in two ways: 1, by 
acetolysis: 

RiCHiraiCOCHs” HOiOC CHRj RaCH-NHCOCHR, 

j ^ I I [4j 

COOH NH, coon NH, 

This reaction should involve only a Hmft.11 change of free enei^. 

Or 2, 

RiCHCOOH HjNCHRa RiCHCONHCHRs 

I +1 > \ \ [6] 

NHCOCH, COOH NHCOCH, COOH 

The second reaction, which would yield an acetylpeptide, is analogous to the 
acetylation of amino acids by acetic acid, an acetamino acid being the acetylating 
agent instead of acetic acid. It may be pointed out that as a result of acetyla- 
tion, the amphotoiic amino acids are converted into strong acids (39^. 

The ability of the animal organism to utilize acetylamino acids is also 
illustrated by the finding that, with the exception of a-N-acetyl lysine (40), the 
acetyl derivatives of essential amino acids are nutritionally equivalent to the 
free amino acids. This has been tested in growth experiments with the acetyl 
derivatives of tiyptophane (41, 42), phenylalanine (43), and histidine (44). The 
ability of acetylglycine to raise the levd of hippuric acid excretion in rabbits 
above the normal suggests converaon of the acetylderivative to the free amino 
acid (46) . In those instances m which the acetyl ammo acid can take the place 
of an indispensable amino acid, the corresponding a keto or a hydroxy acids will 
likewise be capable of supporting growth. (46). It is therefore not clear whether 
regeneration of the free amino acid from the acetyl derivative involves direct 
deacetylation by hydrolysis or whether it is due to a process which regenerates 
the amino acid by way of the a-keto or a-hydroxy acid. The observation that 
ce-N-acetyUysine cannot support the growth of rats on a lysine deficient diet 
has been interpreted by Neuberger and Sanger (40) as su^esting rapid oxidation 
of the € am ino group of lysine prior to dea<:etylation. However, it is also possible 
that the ce-keto acid is formed directly without passing thm ngh free ly^e as an 
intermediate. The a-keto acid of lysine is not known, but it may be presumed 
to be incapable of substituting for lydne in supporting growth because the a- 
nitrogen of lysine, in contrast to that of other amino acids, cannot be replaced 
metabolically by nitrogen from other sources (47) and because d-lysine cannot 
support growth (48). On the other hand, Neuberger and Sanger (40) found 
e-N-acetyllysine to be nutritionally equivalent to lysine, suggesting a proce^ of 
metabolism in which the acetyl group is removed by hydrolysis to r^enerate free 
lysine. In agreement with this observation Bloch and Rittenberg found deuterio 
fr^-acetyllyane to yield acetyl groups for the acetylation of foreign amines with 
an isotope content to be expected from hydrolysiB of the acetyl amino acid 
(unpublished ejipeiiments). 
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Xho 61123 ^ 00.6 systems C 8 ital 3 rziiig doftCBty^lfttions i^ow i^ccificii^ with respect 
to the spatial configuration of the acetyl aooino acids. Thus the acetyl deriva- 
tives of d-tiyptophane (42, 49), d-phenyl alanine (17) and d-leucine (35) are 
metabolically inert; acetyl d-phenylalamne has been recovered nnnliftrgflH from 
the urine of the experimental animals (17). The sulfur of acetyl d-cystine is 
i-esistant to oxidation while acetyl 1-cysiine is readily metabolized (60). The 
unavailability of acetyl d-amino acids must be due to the inability of 
tissues to deacetylate because the corresponding free d-amino acids can be 
utilized and can replace nutritionally their optical antipodes (49, 61 , 62) . This is 
further illustrated by the failure of the deuterio acetyl derivatives of d-sJanine 
and d-leucine to yield labeled acetyl for the acetylation of foreign ftmiTifla (35). 
Some signiJficance may be attached to the fact that whereas occurs 

readily with both stereoisomers of most amino acids, only the acetyl amino acids 
of natural configuration are metaboliziKl by animal tissues. 

Acetylation may be associated with the formation of amino acids from keto 
acids and ammonia but it can also occur subsequent to amino acid symthesis. 
It is thus conceivable that acetylation may be concerned in the catabolism of 
amino acids. The following findings are of interest in this connection. The 
observation already mentioned of Neuberger and Sanger (40) that a-N-acetyl- 
lysine cannot replace lysine for support of growth indicates that the compound 
is not deacetylated but that it may be dii*ectly converted to the nutritionally 
ineffective a keto acid. Secondly, it has been found that on feeding of acetyl-1- 
phenylalanine to rats, phenylacetic acid can be isedated from the urine in the form 
of phenaceturic acid. (Unpublished observation of the author.) Since this 
compound -was not obtainable after the feeding of free l-phenylalanine it would 
appear that the acetyl derivative was deaminated more readily than the free 
amino acid. 

Formation op acetic acid. The first si^estions of a formation of acetic 
acid in quantity in animal metabolism were contained in experiments of Knoop 
(63) and Dakin (54) on the biological degradation of phenyl-substituted fatty 
acids. The excretion of either phenylacetic add or benzoic acids (or their 
conjugation products ^vith glycine), depending on the number of carbon atoms 
in the aliphatic chain of the tost substance, was most reasonably e3q)lamed as 
resulting from the suco^ve removals of two carbon fragments, by hydrolysis of 
an intennediatc keto acid. The exact nature of the two carbon fragments 
could not be ascertained, but chemical cmisiderations pointed to acetic acid or 
an acetyl compound. Acetic acid has been proposed lepeatedJy as an inter- 
mediate in the main path of carbohydrate oxidation. Thunberg (55) su^ested 
that oxidative decarboxylation of pyruvic acid gave rise to acetic acid, two 
molecules of which were dehydrogenated to form succinic add. In the course 
of their metabolism, several amino acids form intermediates which are identical 
with products of either carbohydrate or fatty add breakdown, pointing to 
protein as a potential source of acetic add. Thus it was concdvable that the 
metabolic paths of the three major dietaiy and tissue components, fiit, carbo- 
hyrdrate and protein, would converge at the two carbon stage and that, once this 
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stage had been reached, only one common mechanism of oxidation would be 
required. It is interesting to note that the principal aspects of this theory of 
intermediary metabolism which, at the time, rested on little experimental 
evidence, have required revision in a few details only. Experimental evidence 
in its favor continues to accumulate. 

The occurrence of acetic acid in animal tissues. As an intermediate in thejnain 
chain of metabolic reactions, acetic acid should continually arise in large quan- 
tities. Analysis of tissues and body fluids reveals that in the equilibrium state, 
acetic acid is present in quantities which are barely detectable (66). Acetic 
acid in the form of its dinitrophenylhydrazide has been isolated from large 
quantities of beef liver (67), but it is not clear whether the material thus obtained 
was an artefact formed during the isolation procedure. Specific methods for 
the determination of small quantities of acetic acid in biological mixtures are 
not available; it may also escape detection because it seems to be firmly bound 
to protein in biological media (68, 69). Nevertheless, even if acetic acid were 
found to be practically absent, the su^^ted r61e of acetic acid as a major prod- 
uct of catabolism would not be contradicted. The condition which has to be 
satisfied, and which applies to all metabolite which lie on the main metabolic 
Xraths, is a capacity of the tissue to metabolize the mtermediate as rapidly as it is 
formed. The concentration of the metabolite at any one time will then be 
irrdevant. The insignificant concentration of acetic acid and other fatty acids 
of intermediate size in animal tissues has been cited as evidence against the 
theory of /5 oxidation (60). If this objection were valid, the same reasoning 
would apply to numerous commonly accepted intermediates of protein and 
carbohydrate metabolism, because the demonstration of their presence in normal 
tissues has not been e^qjerimentally feasible. 

Evidence for the occurrence of a metabolite which does not normally accumu- 
late in sufficient amoimts to permit analytical detection can be obtained with the 
aid of the isotope dilution method. If the isotopic analogue of a suspected inter- 
mediate is administered to on animal, or added to an isolated intern, and subse- 
quently recovered either os such or in combined form, a diminished isotope con- 
tent of the isolated material will indicate that the test substance had merged with 
identical unlabded molecules formed in the tissues. Bernhard, in an investi- 
gation of the acetylation of foreign amines with labeled test substances (21) 
found that the acetyl groups of excreted acetyl sulfanilamide contained 6 per 
cent to 20 per cent as much isotope as the deuterio acetic acid added to the diet. 
He concluded that the fraction of acetyl groups contributed by exogenous acetate 
“was related to the difference of isotope content in the test substance and excreted 
acetyl. These finding} suggested that the acetyl precursor cemsisted of a mixture 
of dietary and ^dogenous acetic acid. The possibilily that the acetic acid ex- 
creted by the animal in the form of acetylamine was a representative sample of the 
acetate existing in the metabolic pool offered an experimental approach to a quan- 
titative determination of this metabolite in the intact animal. From such experi- 
ments, Bloch and Bittenbeig (30) have concluded that the isotope dilution 
obtaining in the acetylation process can be attributed to the merging of labeled 
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dietary aoetatc with acetate arisiiig in metabolism. The magnitude of the dilu- 
tion factor indicates that the quantities of acetic acid produced are large. 

In order to ascertain the correctness of this condusion it was necessary to 
consider the foUoAving sources of isotope dilution apart from that caused by endo- 
genous acetate: 1, rate of the acetylation reaction; 2, labilization of the C — H 
bond in the motliyl group of deutoiio acetic acid; 3, acetylation by precursors 
other than acetic acid. 

1. Since the acetyl derivatives of foreign amines are not stored by the animal 
but excreted into the urine soon after their formation, the mte of the reaction 
need not be considered. The isotope concentration of excreted acetyl is the flama 
irr^pective of the length of time during which labeled acetate is administered. 
2. In one of the acetylation experiments, a preparation of acetic acid which 
contained deuterum in the methyl group and a carboxyl group labeled by C“ 
was administered simultaneously 'with phenylaminobutyric acid. The acetyl 
group of the excreted acylamino acid contained the two isotopic markers in 
much smaller concentrations, but the ratio of C”:D had remained unchanged. 
This finding eliminates loss df deuterium as a source of isotope dilution and also 
attests to the biological stability of the C — bonds in the methyl group of 
acetic acid. 3. If the acetyl groups were derived not only from acetic acid but 
also from other precursors, such acetyl groups would be non-isotopic and hence 
dilute the deuteiio acetyl groups which originate from labeled acetate. Evidence 
for the contention that acetate may be the only source of acetyl groups for 
aromatic amines (sulfanilamide, p-aminobenzoic acid) and the major one in the 
acetylation of a amino acids has been discussed above. It is based on the finding 
that in identical feeding experiments, acetic acid effects much higher isotope 
concentrations in excreted acetyl than any other compound tested. According 
to Bernhard (27), labeled ethanol is a better source of acetyl than acetic acid, but 
in the oxpei'iments of Bloch and Bittenberg (29) ethanol and acetate were 
equally effective. On the basis of available evidence it seems likely that alcohol 
is rapidly oxidized to acetic acid and thus becomes a source of acetyl groups. 
Still, the possibility exists that a Cj compound which is i-eadily available from 
both alcohol and acetate is the immediate ocetylating agent. 

The finding that alanine is a source of acetyl groups for foreign a amino acids 
but not for foreign oronoatio amines has been attributed to a condensation of 
pyruvic acid with the imino acid .derived from phenylaminobutyric acid. 'Wlule 
these results establish the existence of a second source of acetyl groups for 
a amino acids, they do not invalidate the contention that in the acetylation of 
aromatic amines acetic acid serves as the sole source of acetyl groups. It was 
therefore reasonably well established that in feeding experiments with labeled 
acetate the change in isotope concentration occurring in the acetylation reaction 
provides a direct measure of endc^enou^ acetate production. By applying the 
equation for isotope dilution (61), the quantity of acetate formed by the rat in 
a 24-hour period Avas calculate to be 16 to 20 mM per 100 grams, or approxi- 
mately one per cent of the body weight. This value could be in error in either 
direction if the ingested acetic acid failed to mix adequatriy with the acetate 
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of 1^6 metabolic pool, in which case either the dietary material or the endogenous 
acetate might be employed preferentially for acetylation. However, the follow- 
ing considerations lend support to the correctness of the above calculation: the 
isotope concentration of excreted acetyl was found to be directly proportional 
to the total quantity of labeled acetate administered per unit of body weight, and 
hence the calculated value for acetate production in vivo is independent of 
dosage variation over a wide range. This finding points to a rapid merging of 
dietary acetate and the acetic anid formed in the tissues. 

In vitro studies by Klein and Harris (1) indicate that the acetylation reaction 
is confined to the liver. The sample of acetate which becomes trapped by form- 
ing acetylamine is therefore representative only of the hepatic acetate pool. Of 
the acetic acid of extrahepatic origin, only the fraction which scapes oxidation at 
the site of formation and is dispatched to the liver will be measured in the anetyl- 
ation reaction. The resultant error cazmot be assessed at the moment, because it 
is not known to what extent acetyl-yielding reactions take place in extrahepatic 
tissues. 

Lorber et al. (62) perfused the isolated heart with labeled acetic acid and 
found that the latter was apparently diluted by normal acetate in amormts corre- 
sponding to those calculated for the intact rat (30). 

R. Q. measurements of animals in the fasting state (63) and after hepatectomy 
(64) have been interpreted as indicating fatty acid oxidation in organs other than 
the liver. Stadie (65) has calculated that in the animal depleted of carbohydrate 
stores, the energy requirements cannot be met by hepatic production of ketone 
bodies. The occurrence of extrahepatic fat oxidation is illustrated by e3q)eri- 
ments of Lehninger, who showed that palmitic and octanoic acids are metab- 
olized by a heart muscle preparation to yidd succinate and ketoglutarate (66). 
An independent estimate of the size of the metabolic acetate pool has been made 
on the assumption that a molecule of fatty acid of average size (Cu) yields on 
degradation eight molecules of acetate. With the aid of available data on rates 
of fatty acid r^eneration (67) it is po^ble to calculate how much acetate should 
arise in a given period of time if fatty acids were the only source. The quantity 
thus calculated agrees dosely with that obtained experimentally by isotope 
dilution measurements. 

Acetic acid formation from faity acids. Fatty acid oxidation^ has been investi- 
gated in a variety of syntems, viz., in tlm fasting or diabetic animal, m perfused 
livers, in various liver preparations, and in the intact animal with the aid of 
labeled test substances. Under all conditions except those mentioned last, 
acetoacetic acid is the principal product of the oxidation process. Leloir and 
Mufioz (68) detected acetic add in tiie course of octanoate oxidation by liver, 
but the amount was indgnificant compared with the quantities of ketone bodies 
which accumulated. Deiid and co-work^ (69, 70) found a uniform increase 
of ketone body excretion with mcreanng chain length of the fatty add, admin- 
istered as salt or eihyl ester, to starving rats. In isdated liver, the yields of 

1 1'or a detailed conaideration of this suhjeet the reader is referred to the review ty 
Stadie (BO). 
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ketone bodies per molecule of fatty acid obtained by different in'^estigators differ 
widely (71 to 74), depending apparently on tiie previous 'treatment of the liver 
tissue. In vitro, fatty acids appear to become increasin^y resistant to oxidation 
as the length of the chain increases. The depressing effect of higher fatty acids 
on the respiration of isolated tissue, noted by Quastel and Wheatley (71), baa 
been attributed to their surface acti'vity. Lehninger bna been able to show, 
however, that oxygen uptake can be restored and that the bighar fatty acids can 
be oxidized by addition of adenosine triphosphate "to the liver system (74). 
Under "the experimental conditions of this investigator the carbon atoms of some 
even and odd numbered fatty acids (Ca, C?) could be accounted for as aceto- 
acetate in nearly quantitative yields. 

Since acetoacetic acid accumulates as the principal product of fatty acid 
oxidation, it is not surprising that acetoaceta'te rather 'than acetate baa frequently 
been emphasized as 'the primary oxidation product. On 'the other hand, recent 
experiments have furnished clear evidence for the correctness of the principle of 
fi oxidation as proposed by Ehoop (53). Stepwise degradation of a biolcgically 
occurring fatty acid by elimination of two carbon atoms was first demonstrated 
by Schoenheimer and Hittenberg (75) . Palmitic acid isolated frmn ‘the tissue fat 
of animals which had received deuteiio stearic acid had a sufficiently high isotope 
content to show that it arose directly from the Cu acid by shortening of the 
chain. Their data indicated that myristic add had been similarly formed by 
subsequent elimination of two carbon atoms from palmitic add. The further 
degradation could not be studied because tissue fat contains only traces of the 
adds with less than 14 carbon atoms. 

The two carbon fragment which is detached from the fatty add chain has not 
been identified as sudi, althou^ its intermediate formation has been clearly 
established. Weinhouse, Medes and Floyd (76) have inv^tigated the oxidation 
of octanoic add which -was labeled at the carboxyl group with C”, in liver slices. 
The acetoacetic add which accumulated as the main product, contained labded 
carbon in nearly equal concentrations at the carbonyl (fi carbon) and carboxyl 
positions. Acetoacetate with such isotope distribution could not have resulted 
from the flitting of the Cs add into two four carbon compounds (multiple alter- 
nate oxidation), nor could it have been formed exclusively from carbon atoms 5 
to 8 of the octanoic add (dassical 0 oxidation). Acetoacetate must ha've been 
formed, at least in part, by random condensation of Cs fragments. 

The ability of fatty adds to yield acetyl groups in the intact animal can bo 
tested by exploiting the fact that foreign amines are converted in vivo into 
metaboUcally inert acetyl derivatives. Since acetic add is an effective source 
of such acetyl groups, the assumption can be made that the appearance of labeled 
acetyl amine after feeding of labded precursor is a measure of acetyl formation. 
The following deuterio-fatty adds were found by Bloch and Bittenb^ (29) to be 
sources of deuterioaoetyl groups: butyric add, n-valeric add, isovaleric add and 
myristic add; propionic and imdecylic adds failed to yidd acetyl. The results 
obtained were found 'to conform ‘with ‘the assumption ‘that 0 oxidation and 
removal of acetyl groui}S from the 0 keto adds ‘was the piindpal event in ‘the 
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metabolism of the fatty acids. It is clear that deuterium is not always an ade- 
quate label for the study of carbon chain intercom'ersions, and the results ob- 
tained on acetj'l formation are in most cases qualitative only. All deuterium 
attached to the j8 carbon atoms will be lost by oxidation and further loss of 
deuterium is to be expected due to keto-enol tautomeiism involving the methy- 
lene hydrogens adjacent to the keto groups. Thus, a, ^ dideuteriobutyric acid 
yields acetyl of much lower isotope concentration than butyrate which contains 
deuterium at the jS and y positions. If acetoacetate is the intermediate in the 
butyrate-acetyl conversion, loss of deuterium from the labile a position and there- 
fore a lowered isotope content of the acetyl fragment derived from the carboxyl 
and a carbon atom of butyric acid would result. The behavior of the two 
preparations of deuteiio butyric acid suggests breakdown of the intermediary 

keto acid into two identical acet^d fragments. 

The various /S keto acids which are formed successively from the higher fatty 
acids will suffer the same loss of deuterium at the a carbon as the a fragment of 
butyric acid, so that only the deuterium bound to the terminal carbon remains in 
stable linkage. In the intact animal, the long chain fatty acids, in contrast to 
those having a small number of carbon atoms, are only partly catabolized im- 
mediately to yield acetyl groups. For example, a large portion of administered 
myiistic acid will be deposited in the tissues as such and will also be converted to 
palmitic and stearic acids by chain elongation. In this case the deuterium con- 
tent of excreted acetyl will not be a quantitative measure of the amounts of 
acetyl produced. 

MetcLboKsm of odd numbered fatty acids. The odd numbered straight chain 
fatty acids are not encountered in animal metabolism but they are oxidized in 
vivo and in vitro as readily as the corresponding even numbered fatty acids. 
In isolated liver (72) and in the intact animal (77) the fatty acids possessing an 
odd number of carbon atoms (except propionic acid) are precursors of ketone 
bodies although the quantities produced ore smaller than those afforded by the 
neighboring fatty acids with an even number of carbon atoms. Propionic 
acid is presumably oxidized to a three carbon compound which can be converted 
quantitatively to carbohydrate. Bloch and Rittenbeig have concluded that 
pyruvic acid cannot be an intermediate in this conversion since deuteriopropionic 
acid, in contrast to labeled alanine, failed to provide acetyl groups in the acetyla- 
tion df phenylaminobutyric acid (29). Deuterio n-valeiic acid formed labeled 
acetyl to an extent which indicated that one two-carbon fragment arose per mole 
of valerate. Cohen found that isovaleric acid is a much more potent source of 
acetoacetate in liver sUces than n-valerate (73). In the intact animal labeled 
i^valerate yielded more deuterioacetyl than equivalent amounts of the n- 
valerate (78). From the data obtained, it could not be decided whether the 
breakdown of this branched chain add proceeds by way of demethylation to 
butyric acid or by initial oxidation at the tertiary carbon atom to acetone and a 
Cik fragment. Undecylic add labded with deuterium at the 10 and 11 positions 
did not yidd deuterio acetyl. jS oxidation d this eleven carbon add may be 
visualized to lead eventually to a three carbon fragment which contains the 
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isotopic hydrogen but which, like propionic acid, would not be degraded directly 
to a Cs unit. The behavior of the odd numbered fatty acids tm-u be readily 
understood if it is assumed that their metabolism proceeds in a fashion analogous 
to that of the even-numbered fatty acids with the difference that their terminal 
three carbon atoms are, like propionic acid, converted to carbohydrate. From 
an odd numbered acid having n carbon atoms, only n — 3 carbon atoms will then 
be available for ketone body formation so that less acetoacetate will be formed 
per molecule than from the neighboring even numbered fatty acid. 

The demonstration of the ketogenic effect of n-valeric acid (72, 77) htw had 
an important bearing on the development of more recent theories of fat oxidation. 
This finding could not be adequately explained by either classical j8 oxidation or 
by the hypothesis of multiple alternate oxidation. MacKay et al. (77) su^ested 
that the five carbon chain of valerate was degraded to a three carbon and a two 
carbon unit and that two of the latter combined to yield acetoacetate. It 
became evident therefore that ketone bodies could be formed by recondensation 
of two carbon fragments split off from the fatty add chain as well as by direct 
oxidation. 

FornuUMTi of aaetyl from amino (usido. It is generally bdieved that a amino 
acids are catabolized by oxidative deamination to a keto acids and sul^equent 
oddative decarboxylation to acids containing one carbon atom less. In this 
case amino acids which yield saturated fatly acids as intermediates diould be 
sources of acetyl groups. This possibility has been studied with the amino adds 
leucine and valine which contained carbon chains labeled by deuterium (78). 
Deuteiioleucine yielded labeled acetyl groups to the same extent as isovaleric 
acid indicating that this acid was formed as an intermediate. The ketogenic 
effect of leucine (73, 79) may be explained on the same basis. Valine and 
isobutyric acid both are nonketogenic and are also ineffective as sources of 
acetyl groups. No information is available concerning the steps by which 
isobutsnic add is further metabolised except that three of its four carbon atoms 
are convertible to glycogen (80). It should be of interest to ascertain whether 
the ketogenic action of phenylalanine and tyrosine is associated with acetyl 
formation, particularly whether the ring structure of these amino adds can be 
degraded to two carbon units. 

Mechanisms of fatty acid oxidation, A condderation of all pertinent data 
obtained in experiments with intact animals and with in vitro systems leads to 
the condusion that succ^ve /S oxidatiem, followed by removal of Cs fragments, 
is the prindpal event in fatty add oxidation. For a number of years undue 
emphasis was placed on experimental observations wliich appeared to contradict 
j3 oxidation as originally proposed by Bmoop. It should be pointed out that the 
data which led to a critidsm of the theory of jS oxidation were obtained witii 
dther isolated tissues or starving or diabetic animals. Since under these con- 
ditions aoetoacetio add and not acetic add accumulate, the ketone bodie came 
to be regarded as primary oxidation products not only of the tamyinal four 
carbon atoms but of the entire fatty idd chain. Mareover, the theory of 
multiple alternate oxidation was advanced as a mechanism for fat oxidation 
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because, in vivo and in vUro, the fatty acids containmg six and more carbon 
atoms gave a higher yield of acetoacetic acid than butyric acid, -while Ehoop’s 
theory provided for the formation of only one mole of keto acid regardless of the 
length of the chain. However, the formation of ketone bodies in excess of one 
mole per mde of fatty acid is not at -variance with p oxidation if it is ascribed to 
the recondensation of acetic acid to acetoacetic acid. The occurrence of this 
reaction was early demonstrated by Loeb (3) and Friedemann (81), who observed 
acetoacetate formation on perfusing liver with acetate. This finding has been 
confirmed repeatedly and under a -vnriety of conditions, viz., by Jowett and 
Quastel and by Leloir and MufLoz in liver slices (72, 68), by Monguio and by 
MacEay et al. in intact animals (4, 5), and -with labeled acetate in starving 
animals by Swendseid et al. (82) and by Med^ et al. in liver slices (83). It -was 
recognized by MacKay et al. (5) that the S 3 mthetic formation of acetoacetate 
from acetate provided a basis for a theory of fat oxidation which retained Enoop^s 
basic concept of p oxidation and ascribed the formation of “excess” acetoacetate 
to a subsequent event, namely, a recombination of two molecules of acetate. The 
data of Weinhouse et al. with carboxyl labeled octanoic acid (76) demonstrate 
that acetoacetate can be formed by random coupling of Cs fragments which are 
split off from the fatty acid chain. Thwe are, however, two possible pathways 
which conform with the observed isotope distribution: 

(a) CH,(CH 2)6 C«00H -*40,-^ 2CH,C»OCHiC“OOH [6] 

(b) CH,(CHs)6 Ci»OOH + Cs + CHsCHtCHsCOOH 

CHsCHsCHsCOOH CHsCOCHaCOOH [7] 

Ci* + C? -H. CH8 Ci»OCH8C«COOH 

Reaction (a) does not indicate the mechanism Avhich yields the four Ca fragments 
from the fatty acid chain; it implies that all of the acetoacetate is of synthetic 
origin. Reaction (b) is a modified version of classical p oxidation and retains 
the view that the four terminal carbon atoms are a direct source of acetoacetic 
add. In this case the accumulated acetoacetic add would be a mixture of 
“primary” and synthetic molecules. In similar experiments with carboxyl 
labded butyric add the resulting acetoacetate contained an unequal distributicm 
of C” at the carboxyl and carbonyl carbon atoms (85). This acetoacetate could 
therefore not ha-ve been formed by random coupling of two equivalent Ca frag- 
ments. Medes et al. (85) have pointed out that their data can be represented 
by the foUo-wing equation: 

CHaCHsCHaCOOH CH,COCHaCOOH 2CH8COOH [8] 

In this case rapid interconver&ion of acetate and acetoacetate has to be postu- 
lated. This is true for the syntheds of acetoacetate in livw (84) and kidney (86). 
The reverse reaction was found by Lehninger (60) to proceed slowly in musde 
mince, but it is not dear whether in liver and kidney acetoacetate is ^lit at a 
Buffident rate to account for tiie redistribution of isotope in accordance ^vith the 
above equation. i 
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A s irnilar explauatioii may apply to the results obtained by Morehouse (87) 
and by Morehouse and Deuel (88), who fed two preparations of deuterio butyric 
acid and deuterio caproio acid to starving rats and isolated jS-hydroxybutyric 
acid from the urine. The excreted hydraxybutyrate contained nearly twice as 
much deuterium when j 8 - 7 -dideuteriocaproat 6 was fed as the acid excreted after 
administration of caproate labeled at tbie a and jS positions. It is evident that a 
splitting of the hexanoio acid into three two carbon units followed by recondensa- 
tion to acetoacetic acid should 3 deld hydroxybutyric acid containing the same 
isotope concentration in both cases. On lie other hand, if the excreted /3- 
hydroxybutjnnc acid was derived mainly from “primary” acetoacetate represent- 
ing the intact chain of carbon atoms 3 to 6 of caproate, and was formed 
only in part by recondensation of C* units, then j 8 - 7 -dideuteriocaproate 
should yield a hydroxybutyric acid of higher deuterium concentration 
a-jS-dideuteriocaproate. 

Stadie (60) has pointed out that the data obtained by Weinhouse et al. with 
labeled octanoate are not inconsistent with the theory of multiple alternate 
oxidation if the random distribution of labeled carbon is the result of a eplitting 
and reformation of acetoacetate. Since it is agreed that the formation of a Ct 
fragment is an obligatory step in the breakdown of fatly acids, it remains to be 
decided whether acetoacetate is the primary oxidatian product or whether its 
formation represents an alternative path for the disposal of G fragments 
which are initially formed. 

Some indications as to the rdle of acetoacetate in fatty add oxidation are 
contained in experiments on the acetylation of foreign amines by acetic add (30). 
It has been pointed out that the results from these eoqieriments eliminate aceto- 
acetic add as an intermediate in the conversian of acetate to N-aceiyl groups. 
From the same analytical data it can be conduded* that in the intact animal a 
rapid interconvezdon of acetate and acetc^u^tate is unlikely to occur. Doubly 
labeled acetic add (CDsC^OOH), when fed and recovered as acetyl phenyl- 
aminobutyiic add, retains deuterium and CP in identical relative concentrations. 
Had acetate been converted to acetoacetate and regenerated, replacement of 
deuterium by normal hydrc^en and loss d deuterium by enolization should have 
altered the D:C^’ ratio. The accumulation of acetoacetic add in fatty add 
oxidation in vitro, or in the urine of animals in ketosis may therefore be ascribed 
to circumstances which interfere with the normal disposal of acetyl or acetate. 
The isolated liver or liver preparations as ordinarily employed contain littie 
available carbohydrate, and therefore lade the requiate dicarboxylic acids for 
the oxidation of the intermediates of fatty add breakdown. Liver tissue appears 
to have only a limited capadty to oxidize fat beyond the Ci stage but dispatches 
the products to extrahepatic tissues for complete combustian. In the isolated 
liver acetyl will therefore accumulate and become stabilized in the form of 
acetoacetate. This point is dearly illustrated by the esperiments of Lehninger 
(89) who found that in preparations of washed liver cells, acetoacetate is the 

■ The author ia indebted to Prof. D. L. Thomson for having oalled attention to these 
implioations eontained in the experimental data. 
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sole product of octauoate oxidation, but that on addition of fumarate the quanti- 
ties of acetoacetate are diminished in favor of oe-ketoglutarate, succinate, and 
citrate. It becomes unnecessary then to assume that acetoacetate lies on the 
main path of fat oxidation. Acetoacetic acid is utilized under a variety of 
conditions, but this is probably preceded by its splitting into two carbon units. 

Formation of acetyl from pyrvoaie. There exists at present no conclusive 
evidence to indicate whether pyruvic add enters the citric acid cycle by com- 
bining directly with oxaloacetic acid or whether this condensation is preceded by 
a conversion of pyruvate to an intermediate which has the oxidation level of 
acetic add. Formation of acetate from pyruvate can be demonstrated to occur 
in animal tissues, either aerobically (90, 91, 92) or anaerobically by dismutation 
(90, 91, 93) but this reaction is not bdieved to represent an important pathway, 
because under the same conditions acetate itself is oxidized relatively slowly. 
It is considered more likely that the oxidation product of pyruvate is repre- 
sented by a two carbon compound which is metabolically more reactive than 
acetic acid itself. A phosphoroclastic splitting of pyruvate into acetyl-phosphate 
and formate (or COs + Hs) as it occurs in bacteria (94) has not been observed 
in animal tissue. 

According to Barron et al. (95), acetate can be shown to accumulate when 
liver or kidney slices oxidize pyruvate in the presence of fluoroacetate. Accord- 
ing to these inv^tigators, this compound seems to inhibit the oxidative disap- 
pearance of acetic add by competing with acetate for the enzyme. The accumu- 
lation of acetate indicates that fluoroacetate may exert its effect by blockmg 
condensations involving the reactive acetyl compound, which may then become 
stabilized in the form of acetate. 

In the presence of malonate, pyruvate oxidation by liver slices or mince 
affords acetoacetate in quantities up to 25 per cent of the pyruvate metabolized 
(33, 34, 96). Pyruvate is quantitativdy converted to acetoacetate by the 
washed liver cell preparation of Lehninger (66). When fumarate was added to 
the same system, acetoacetate formation was suppressed in favor of an increased 
yield of di- and tri-carboxylic adds. The in vitro conditions which affected the 
rdative yields of ketone bodies and polycarboxylic acids respectivdy were the 
same whether octanoic add or pyni^te served as substrates. On the basis of 
these findings it would appear that a common oxidation product is formed from 
botih compounds. A view which has been widely accepted ib that an acetyl-like 
two carbon unit forms the intermediate step at which the pathways of carbo- 
hydrate and fat metabolism converge. 

However, certain difiSculties are encountered when an attempt is made to 
coneilate the ketone body formation tirom pyruvate in vitro with the metabolic 
fate of fat and carbohydrate in the intact cs^anism. It is wdl known that in the 
starving or diabetic ajiimal fatty adds enhance ketone body formation, whereas 
pyruvate or lactate reduce ketcds. Evidently, under these conditions, the two 
substances do not enter a common path. It is pc^sible that acetoacetate formar- 
tion tram pyruvate is the favored reaction under special ccmditions in vitro, but it 
may stQl be quantitatively inwgnifinant for the pyruvate metabolism of the 
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intact animal. The hypothesis that a fragment arises in the oxidation of both 
carbohydrate and fat would seem to be untenable unless it is assumed that the C 2 
fragments are not identic^. 

The contrasting behavior of labeled fatty acids and p 3 rruvate in the acetylation 
of foreign amines in intact aninial s leads to mTy>iTa.r conclusions (30). While 
acetate is an effective source of acetyl for both aromatic a-minfla (g iiKanilfl.'mirfA) 
and a-amino acids Cphenylaminobut^xic acid), ala-niTift (pjrruvic add) nan yield 
acetyl to foreign a-amino acids only. Moreover, labded alanine, iitiIiTta acetate 
or butyrate, does not serve as a precursor for cholesterol, either in vivo (30) or 
in vitro (97). If pyruvate were converted to the same Cj fragment which is 
active in the acetylation of foreign amines and in cholesterol formation, labeled 
al a nin e or pyruvate should show the same effect as acetate. Recent experiments 
by Sonne et al. (98) on unc acid formation contain fliTYtilar evidence. The feeding 
of CHsC^KlOH resulted in the incoiporation of heavy carbon at carbon atoms 2 
and 8 of the purine nucleus. No significant concentratioDS of appeared at 
these positions when C^HsC^HOHCOOH was fed, indicating that lactate is not 
broken down to the two carbon compound employed in uric acid synth^is. 

It is conceivable that the differences observed are Quantitative rather than 
Qualitative, but it is not likely that the bulk of p3rruvate is oxidized by way of 
the same Ca fragment which arises in the catabolism of fatty acids. Bloch 
Rittenbeig have concluded that the amounts of acetate produced in the intact rat 
can be accounted for fully by the oxidative metabolism of fatty acids and keto- 
genic amino acids (30). These data also would smn to exclude any considerable 
breakdown of pyruvic acid by way of acetyl as an intermediate. 

Acetylmethylcarbinol (acetoin) has been obtained as a product of the anaerobic 
metabolism of pyruvate in micro-organisms (99) and in ftnimal tissues (heart 
muscle) (100). The process is believed to involve oxidative decarbaxyiatian to 
acetaldehyde, condensation of the latter with a second molecule of pyruvic acid, 
and subseQuent decarbo?Qrlation of the condensation product. A scheme 
involving the following steps : pyruvate acetoin -* diacelyl aceiyl phosphate 
— » acetate — ^has been proposed by Doisy and Westerfeld (24) on the basis of the 
effect shown by acetoin in the acelylation of p-aminobenzoio add. The relatively 
high toxicity of acetoin for animals (101) and the fact that it is in part excreted 
after reduction to butyleneglycol (102) seems to preclude the posability that the 
above scheme represents a major pathway of pyruvate metabolism. 

The formation of acetate from pyruvate by an indirect route involving the 
splitting of intermediates of the tricarbosylic add cyde has become a possibility 
in view of the following observations. The fermentation of dtrate by yeast (103) 
and by various bacteria (104, 105, 106) has been found to yield 1 to 2 moles cff 
acetate and smaller amounts of formate and sucdnate. These r^nills have been 
interpreted to surest the foUowiag series of reactions: dtrate acetate 4- 
oxaloacetate pyruvate + CO* acetate formate. The first of these steps, 
i.e., the reversal of the condensation of acetate and oxaloacetate is believed by 
lipton and Barron (107) to be respondble for the positive effect shown by citrate 
in the acelylation of choline in brain extracts. The reverdbiliiy of the initial 
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condensation reaction in the tricarboxylic acid cycle has not been tested in other 
systems of animal origin. 

Slade and Werkmann (108) have studied the conversion of succinate to acetate 
by Aerc^ader indologenea with the aid of C“. Although these authors conclude 
that their data indicate a splitting of succinate into two molecules of acetic acid, 
it is equally possible that the acetate arose not from succinate directly but by 
degradation erf either a-ketoglutarate or of a tricarboxylic acid formed from suc- 
cinate. Irrespective of the pathway involved, these results suggest a possible 
route for the conversion of carbohydrate intermediates to acetate and fatty acids 
which circumvents the decarboxylation of pyruvate itself. 

Utilization op acetic acid for synthetic reactions. The administration 
of labeled acetic acid to animals has been found to result in the incorporation of 
isotope into a variety of tissue constituents: glycogen, cholesterol, fatly acids, 
the dicarboxylic amino acids, protoporphyrin and uric acid. It thus appears 
that in the biolc^caJ formation of the cell constituents acetic acid is of genera] 
importance as a source of carbon atoms. It has become increasingly evident in 
recent srears that body constituents of high molecular weight are synthesized by 
condensation of numerous small tized units rather than by the utilization and 
rearrangement of preformed laige molecules. 

In a few cases only the animal organism depends exclusively on an exogenous 
supply for the maintenance of cellular composition (vitamins, essential amino 
adds and essential fatty adds). The majonty of the tissue constituents can be 
derived not only from imchanged dietary material but can also arise by synthesis 
from small molecular breakdown products which are formed in intermediary 
metabolism. The ability of the animal oiganism to keep its tissue composition 
constant under a variety of dietary conditions is an exrpression of the fact that 
the required elementary building stones are available from a number of sources. 

Older suggestions that cholesterol might be formed either by modification of 
the preformed steroid structure which is offered to the ammal in the form of 
squalene (109) or plant steroids (110), or by folding of long chain fatty adds (111) 
have given way to the view that a total synthesis from numerous small units is 
involved (112) . In the syntheds of long chain fatty adds from carbohydrate the 
sugar mdecule is presumably not utilized as such but only §fter its degradation 
to Qs or Ct fragments. In the fommtim of the tetra pyrrde structure of por- 
phyrin, two Cs compounds, acetic add (30) and ^ydne (113, 114), serve as a 
source of carbon and nitix^en and not the preformed five-membered zing struc- 
tures of proline or pyrrdlidonecarboxylic add (from glutamic add) . The investi- 
gations on the biological synthesis of these hi^-molecular tissue constituents 
have so far been carried out mainly with intact animals. It is evident that for 
the synthesis of the more ccunplex molecules a high state of cdlular organization 
will be required. For this reason virtually no attempts have been made to 
investigate the eniymatio processes concenmd in the synthesis of the substances 
mentioned. It has not been possible to identify any of the intermediate steps 
in tire biocyatheds of fatty adds, cholesterol or porphyrin, nor do indications 
eximt that euoih intermediateB occur normally in measurable quantities. 
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The u’tilization of acetic acid for biolo^cal synthMes has been demonstrated 
by the feeding of labeled acetic acid to animals and isotope analysis of the body 
consti'tuentB isolated from the 'tissues. Insight into 'the reaction mechanisms hsA 
in some cases been gained by determining the location and distribution of isotope 
at 'various positions of the synthetic product, but the accessible information is 
often limited by the lack of suitable methods of degradation. Wood et al. (116) 
have employed chemical and microbiolo^cal degradation procedures for glucose 
which permit separate isotope analysis of carbon atoms 3 and 6 and of fractions 
-which represent carbon atoms 1 and 6, 2 and 5, and 3 and 4 respectively. Meth- 
ods suitable for determining the deuterium concentrations at separate positions of 
deuterioglucose have been described by Stetten and Stetten (116). Although 
procedures are available for succ^sive degradation of the higher fatty acids they 
are not applicable to small quantities of biological material. However, anal 3 ^ 
of the carboxyl group and of the two moieties obtainable by d^radation of oleic 
acid have yielded valuable information on the mechanism of fatty a>cid synthesis 
(117). The distribution of isotope in deuteriocholesterol has* been determined 
by degradation of the steroid molecule into nucleus and side chain (118). No 
experiments of this type have so far been carried out with protoporphyrin 
formed biologically in the presence of labeled acetate. 

Although it may be feaeible to study details of reaction mechanisms by 
employing test substances which contain more than one isotopic marker, there are 
certain limitations to the experimentation with intact animals. If , in a ^thetic 
proceiffi, acetic acid did not take part as such but in the form of a functional 
derivative (acetylphosphate, acetylamine) and if the substituent were eliminated 
in the course of the condensation, isotope analysis of the reaction product may not 
reveal whether acetic acid reacted as such or in a combined form. On the o-ther 
hand, experiments with intact animals axe indispensable in order to establish the 
occurrence and the quantitative significance of a process which has been observed 
in an isolated system. 

Glycogen. According to classical concepts, a glycc^enic compound is a sub- 
stance which either increases glycogen depoation in the liver of a fasted animal or 
enhances glycosuria in the diabetic animal. Acetic acid does not ratiafy -these 
criteria, since its feeding neither increases glycogen deposition nor glucose 
excretion (119). On the other hand, isotope experiments have shown that acetic 
add can provide carbon atoms for all positions of the glucose mdecule (120, 121). 
No inconsistency need be seen in these findings, if (a) the meaning of the term 
precursor is more clearly defined and if (b) it is reccgnised that -the terms ^ 3 rco- 
genic and ketogenic apply only to special ^perimental conditions. The revision 
of concepts necessitated by the results obtained with tracer substances 

ha s been discussed by Buchanan and Hastings (B^) and by Wood (123). If 
one disregards reactions in which a substance effects an increased formation of a 
product by stimulation rather -than by direct conversian, then -two types of 
precursors have to be considered: substances which afford a net increase of the 
quantity of product, i.e., reactions in which the quantity of precursor is the 
Imtiting factor, and secondly substance which are incorporated either totally or 
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in jMirt into reaction products but which are without effect on the rate of its 
formation. Compounds which in classical terminology are classified as either 
glyc(^enic or ketogenic belong to the first group while acetic acid with r^pect to 
glycogen formation belongs to the second category. Although, as Lorber, 
lifson and Wood (121) have shown, acetic acid provides carbon atoms for all 
positions of the glucose molecule, it probably cannot by itself form hexose (or 
pyruvate) but only by Mitering the tricarboxylic add cycle. Through a series of 
transformations the tricarboxylic add 3 delds pyruvate, which is the obligatory 
intermediate in glucose formation. Acetate utilization for glycogen synthesiB is 
therefore not regulated by the availability of acetic add but depends on tri- 
carbo^lio add formation and regeneration of pyruvate from the latter. On the 
other hand the conversion of pyruvate to glycogen does not require the interven- 
tion of the citric acid cycle and as a result pyruvate and compounds which are 
directly convertible to pyruvate will be precursors of glycc^en in the sense that 
they can increase the net amount of glycogen formed. It is evident that the 
terms glycogenioand ketogenic apply only to conditions in which a change of 
carbohydrate concentration is observable, i.e., in the starving or diabetic animal. 
From its behavior in isolated liver, p 3 rruvic add could be dassified as a ketogenic 
substance, since under such conditions it can be converted in part (124, 33, 90, 96) 
or quantitatively (125) to acetoacetatic acid. Acetic acid is ketc^enic since it 
increases ketone body excretion in the starving or diabetic animal (5), but as 
isotope studies have shown, it is also a source of carbon atoms for glucose. The 
appearance of acetate carbon in all pc^tions of the glucose molecule has been 
ascribed by Wood (115) to a series of steps by which a tricarboxylic add formed 
from acetate and oxalacetate is degraded to pyruvate by way of a-ketoglutarate 
and the C 4 dicarboxylic adds. If C^HbC^OOH is employed the resultant 
P3mivate will be labeled at all three podtions but it cannot contain more than 
half of the isotope concentration present in the acetate which was utilized. On 
tracing the labeled carbon through tricarboxylic add, o-ketc^utarate and the 
dicarboxylic acids to succinate, it becomes dear that only two of the four carbons 
in the dicarboxylic adds originate from acetate but the isotopic carbon becomes 
evenly distributed over the entire carbon chain when the asymmetry of the 
molecule is lost at the succinate stage. Pyru\^te will therefore contain at 
ail positions. It can be conduded that although acetate carbon appears in all 
positions of glucose not more than half of the carbon atoms of a ^ucose molecule 
can have originated from acetate, the remainder bdng supplied by oxaloaoetate. 
Acetate per se is therefore incapable of forming glucose. 

Caibosylation of acetic add to pyruvic add cannot be an important pathway 
for the utilization of acetate in glycogen formation because in this case the 
isotope distribution in glycogen would be expectMl to differ from that actually 
observed (121). 

Fatty acids. McLean and Hoffert (126) have studied lipid formation in yeast 
from acetate and have conduded from balance data that both steroids and 
neutral fat could be synthesized directly from acetate without intermediate 
formation of carbohydrate. In the presence of sulfite steroid Eynthesis was 
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inhibited, but fat continued to be synthesized. This suggested that aGetalde> 
hyde might be an intermediate in the i^yiithens of yeast steroids vrhile acetate 
could condense directly to fatty acids. In their experiments on the metabolism 
of deuterioacetate in yeast, Sonderhoff and Thomas (127) found the following 
concentrations of deuterium in the various fractions: carbohydrate 1.6 per cent; 
fatty acids 14.7 per cent; imsaponihable ^ per cent, indicating that carbohydrate 
was not an intermediate in the conversion of acetate to lipids. 

Wood et al. (128) have demonstrated the bacterial utilization of acetic acid 
for the synthesis of lower fatty acids. In the presence of CH«C“OOH, the butyl 
alcohol formed in the fermentation of Cl. butylicum and of Cl. (icetohutylicum was 
found to contain at carbon atoms 1 and 3. Since these organisms can reduce 
but 3 riic acid to butanol, the following series of reactions is suggested: 2 acetate 
butyrate — > butanol. 

The fermentation of alcohol and acetate in Cl. hluyveri has been studied by 
Barker, Kamen and Bomstein (129) The butyric acid formed in the presence of 
CHjC^KlOH contained approxiniately equal quantities of heavy carbon in the 
carboxyl and positions; in caproic acid equal amounts of were presumably 
present at alternate carbon atoms eince the carboxyl group accounted for about 
one-third of the total isotope content of the hexanoic acid. Impoitant informa- 
tion with respect to the mechanism of fatty acid synthesis in these organisms was 
obtained by the same authors. Isotopic caproate formed in the presmce of 
CHaCHsCHjC^OOH and normal ethanol contained isotope but this was not 
present in the carboxyl group. The active Cj unit derived from ethanol must 
therefore have condensed with the carboxyl group of butyric acid. Moreover, a 
breakdown of butyrate to C 2 compounds prior to formation of the Ce acid cannot 
have occurred since in this case the carboxyl cai’bon of caprdic acid should have 
contained the carbon isotope. 

Rittenberg and Bloch (117) have fed mice and rats acetic acid which contained 
C“ at the carboxyl position and deuterium in the methyl group. The fatty 
acids isolated from the tissue lipids contained both isotopes in excess of the con- 
centrationB which could have rraulted from the oxidation of acetate to and 
DjO and incorporation of deuterium from the body fluids or C“ by a reaction 
involving CO* assimilatian. The body fluids of the mice contained 0.09 per cent 
D and the respiratory COa contained 0.066 per cent while the saturated fatty 
acids isolated from the liver lipids contained 0.^ per cent D and 0.16 per cent 
C^*. As the fatty acids contained both and deuterium it is clear that the 
acetic acid molecule as such had been utilized in the synthetic process. From 
acetic, add containing isotopic carbon in the carboxyl group, a fatty add con- 
taining O’ only at one out of two carbon atoms is to be expected. The incorpora- 
tion of isotope into the fatty adds could result from the following processes: 1, 
acetic add elongates the fatty add chain by adding at the carboxyl end. In this 
case the presence of isotopic carbon should be confined to the carboxyl carbon of 
the fatty add and decarboxylation ehould leave a non-isotopic residue; 2, If 
acetic add condensed with the co carbon of the fatly add decarboxylation should 
yield CXls which contains no excess of isotope; 3, acetate carbon is uniformly 
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distributed over the fatty acid chain. C“ should then be present at the odd- 
numbered carbon atoms. The COs obtained on decarboxylation of the fatty 
acid actually contained about twice as high an isotope concentration as the entire 
molecule, indicating that was present at alternate positions, i.e., at the odd- 
numbered carbon atoms, one of which is the carbon of the carbo^Qd group. 
Additional support for the view that the acetic acid carbon was distributed in 
random fa^on over the entire fatty acid chain is afforded by analysis of the 
degradation products of the “olmc add” fraction of tissue fat. This GonsiBts 
mainly of oleic acid and some palmitoleic add and yields on oxidation a mono- 
carboxylic add, pelargonic add, derived from carbon atoms 10 to 18 and a 
dicarboxylic add (azelaic add) representing carbon atoms 1 to 9. If a Cis fatty 
add were formed from nine acetate units then of the nine isotopic carbons, five 
should be present in the azelaic acid and four in the pelargonic acid fraction, 
while the deuterium cont^t of the two moieties should be nearly equal. The 
following isotope concentrations were found: azdaic add, 0.090 per cent 
0.14 per cent D; pelargonic acid, 0.071 per cent C“, 0.16 per cent D. These 
data Biggest a process of fatty acid synthasds involving the multiple condensation 
of Cs units. Any sdieme proposed as a mechanism of fatty add synthesis must 
account for the fact that the fatty adds of aniTnal tissues have an even number of 
carbon atoms and comprise, if milk fat is included, all members of the series from 
C 4 to C 24 . The occurrence of Cs condensation in the synthesis of fatty adds by 
animal tissue was first demonstrated by the finding of Stetten and Sohoenheimer 
(130) that deuteriostearic acid is formed from deuteriopalmitic acid by chain 
dongation. 

The reactive two carbon compound undergoing the condensation can be 
readily formed from acetic add in the intact animal and in bacterial systems, but 
its chemical identity has not been determined. Fatty acid synth^s in animal 
cells has so far not been demonstrated in i^lated systems. When rat liver slices 
were incubated with labeled acetic add only very small amounts of isotope were 
incorporated into the fatty acids; dgnificant concentrations of deuterium were 
found in the liver fatty adds when the buffer medium contained D^O (131) . From 
this result it caimot be dedded whether the uptake of isotope resulted from syn- 
thesis of the carbon chain or whether it was due to hydrogenation of imsaturated 
fatty adds. 

The production of Ca units in the course of fatty acid oxidation and their 
utilization in fatty add formation points to a mechanism of syntheds which 
consists of the reversal of the cataboUc steps. This would involve the condensa- 
tion of two carbon units with acetate and hi^er fatty adds and the subsequent 
reduction of jS keto compounds to saturated adds. The well established con- 
version of acetate to acetoacetate may represent the initial step in this process. 
However, the biological reduction of j 8 -keto adds to the corresponding saturated 
fatty adds has never been diown to occur. 

£3q>eriments with acetic add containing deuterium as well as O* have thrown 
some li^t on the nature of the intermediates involved in fatty add syntheds 
(117). When a preparation of acetate was fed in whidi deuterium and carbon 
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were present in a ratio of 8 : 1 the fatty acids isolated contained the two isotopes in 
a ratio of 2 . 5 *. 1 . Irrespective of the nature of the condensation, there should be 
introduced for every two deuterium atoms from the methyl group of acetic a 
miniTniim of two atoms of Ordinary hydrogen from the body fluids. The ratio of 
D : C“ should then become 4:1. The greater loss of D than corresponds to this 
ratio may have resulted from keto-enol tautomerism of the intermediate /9>keto 
acid. An additional atom of normal hydrc^en from the body fluids would also 
be introduced if the keto acid were converted to the saturated acid by way of the 
hydroxy- and unsaturated acids. 

Although the isotope data suggest that acetic acid can supply the carbon atoms 
for all positions of the fatty add chain, it is unlikdy that acetate is a precursor in 
the sense that its administration produces a net increase of synthesized fat. 
Experimental conditions for studying fat S 3 nithesiB from specific precursors, 
Hiniilar to those by which the glycogenic or ketogenic properties of a compound 
can be tested, are not available. Conditions which result in the depodtion of 
excessive quantities of fat in the liver such as choline deficiency do not measure 
changes in the amount of fat synth^ized but reflect deficiendes in fat transport. 
Stetten and Boxer found that in rats treated with alloxan, fat deposition and 
incorporation of deuterium from heavy body water are greatly reduced (132). 
This may be the result of diminished fat ^thesis or of a failure to depodt the 
newly formed fat. The impairment of fatty add ^theds in this condition is 
probably not due to a lack of precursor but may reflect, as Stetten and Boxer 
suggest, a general inability to utilize carbohydrate. Since in the experunent of 
Rittenberg and Bloch (117) the animals recdved a fat free diet, carbohydrate and 
protein must have provided the carbon for fatty add syntheds. It was estimated 
that imder these conditions about 26 per cent of the carbon atoms of the fatty 
adds were derived from acetate. While the converdon of carbohydrate to fat 
is well established from balance experiments, no information is available con- 
cerning the intermediate steps. It is generally assumed that synthesis of the 
fatty add chains occurs with pyruvate or a two carbon compound derived from 
pyruvate. It is questionable whether this intermediate is identical with acetic 
add because in this case not only one-fourth but all carbon atoms of the fatty 
adds should be available from the “acetyl” pool. It has been pointed out above 
that pyruvic add or alanine are not convertible to the acetyl compound involved 
in the acetylation of sulfanilamide or in the formation of cholesterol. This has 
been taken to mean that a direct d^fradation of pyruvic add to a Cj compound 
does not occur or that the product is not identickl with the acetyl formed by 
fatty add oxidaton or from acetate itsdf.* In order to allow for the partidpa- 
tion of both acetic add and carbohydrate in fatty add Eyntheds, Bittenberg and 
Bloch (117) have suggested that pyruvate may form acylpyruvic adds and that 
the decarboxylation to /3-keto adds tak^ place after the condenoition 

• Tina wss based on eapeiiineiits with deuterio alsnine. It does not take into 

account the possibility that pyruvate is converted to acetyl by s cdrouitous route in wMih 
deuterium is lost entirely. Beoent experiments of Sonne et al. (08) on unc and synthesis 
with test substances ocmtsining C** similarly indicate that lactate is not converted 
to acetate. 
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RCHjCOOH + CHsCOCOOH RCHjCOCHjCOCOOH ^ 

RCHoCOCHjCOOH + CO, [9] 

In this reaction the net effect is the addition of a two carbon unit, without acetic 
acid appearing as an intermediate. It is also conceivable that an intermediate 
of the tricarboxylic acid cycle which contains the elements of both acetic and 
pyruvic acids supplies the C, fragments for fatty acid synthesis. For instance, 
the C 4 dicarboxylic acids which are derived from the condensation product of 
acetate and oxaloacetate are composed of two C, moieties one of which originates 
from acetate and the other from p 3 mivate. By passing through a symmetrical 
stage, randomization would r^nilt, and in a utilization of the dicarboxylic acid for 
fatty acid synthesis an equal chance would exist that the C, fragment was con- 
tributed by either acetate or pyruvate. 

It has been pointed out above that tbe acetic acid arising in intermediary 
metabolism appears to be derived primarily from the catabolism of fatty acids 
and ketogenic amino acids while carbohydrate does not contribute significantly 
to the acetate pod. It would follow, ttien, that the acetic acid employed for 
fatty acid synthesis has its origin in the fatty acids themselves; in other words, the 
process of acetate utilization merely reflects the continuous molecular regenera- 
tion of body fats. Since a large portion of the acetyl fragments arisiog in fatty 
acid oxidation is metabolized further and is therefore unavailable for fat resynthe- 
sis, carbon has to be provided from another source in order to keep the total 
quantity of fat constant. The source is evidently carbohydrate. Acetate is 
therefore not a precuraor of fatty acids in the conventional sense and the state- 
ment that 25 per cent of the carbon atoms are supplied by acetate merdy impli^ 
that one out of every four carbon atoms incorporated into a newly synthedzed 
fatty add molecule arose from the catabolism of the fatty acids themselves. 

Cholesterol. In their experiments on the uriliiration of deuterioacetate by yeast 
Sonderhofl and Thomas found the deuterium concentration in the unsaponifiable 
fraction to be twice as high as in the fatty acid fraction and twenty tim^ that 
of the yeast carbohydrate (127); they therefore suggested that in the synthesis 
of the yeast steroids acetate had been ^ployed directly. A formation of 
cholesterol in animal tissues by total syntheds from small units was indicated by 
the findings of Rittenbeig and Sohoenheimer (112). In cholesterol newly formed 
by animals whose body fluids were enriched with heavy water roughly half of the 
hydrogen atoms were derived from the D,0 of the body fluids. The utilization 
of various small molecular substances for cholesterol synthesis has been investi- 
gated by Bloch and Bittenberg in feeding e3q)eriments with labeled compounds 
(133, 118, 78). The isotope concentration in cholesterol isolated from the tissue 
lipids was hipest when lcd>eled acetic acid was the test substance. Whenever 
another compound was effective in caudng the formation of labeled cholesterol 
the resdt could be attributed to intermediaiy formation of acetate from the test 
substance (butyrate, ethanol, leucine, valerate, isovalerate). By studying 
rinnitaneously cholestend syuthesis and the acetylation of foreign aminos it 
could be shown that the ability of a test sul^tance to cause the formation of 
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labeled cholesterol was roughly paralld with its ability to furnish labeled acetyl 
groups. This correlation, did not exist in the case of alanine. The significance 
of this finding has been discussed above. An evaluation of the quantitative 
r61e of acetic acid as a precursor for the steroid structure led to the conclusion 
that about half of the hydrogen atoms (and probably half of the carbon atoms) 
are furnished by acetate. Acetic acid appears to contribute to the formation 
of the entire steroid molecule. When cholesterol formed biologically from 
deuterio acetate was degraded, the iso-octyl fragment derived from the cholesterol 
side chain and the hydrocarbon representing the steroid skeleton contained 
deuterium in nearly equal concentrations. No information is available as to the 
intermediate steps of the synthetic process. The higher fatty acids or interme- 
diates of fatty acid metabolism cannot lie on the path of the acetate-sterol con- 
version, since in feeding experiments with deuterio acetate, newly formed 
cholesterol contains several times the isotope concentration of the fatty acids; 
also, in liver slices deuterium is rapidly incorporated into cholesterol when labeled 
acetate is present, but not into fatty acids (131). The utilization of both 
carbon atoms of acetic add is evident from the appearance of both deuterium and 
in cholesterol synthesized from CD«C“OOH (117, 131). 

Since the acetate-cholesterol conveision entails essentially the transformation 
of — CD* *00 — into — CDs*CHj — two normal hydrogen atoms should be in- 
coiporated for every two carbon-bound deuterium atoms and in the utilization of 
Clic**OOH the ratio of D to C“ should decline to half its original value. How- 
ever, the relative amounts of D and C“ introduced into chdesterol were roug^y 
the same as in the administered acetate and it would appear therefore that the 
reaction product contained, perhaps the result of decarboxylations, more of 
the methyl carbons than of the carboxyl carbons of acetic add.^ 

Some indications exist that a reduction may be the initial step in the acetate- 
cholesterol converrion. McLean and Hofiert (126) observed that Bterd ^theris 
from acetate in yeast was inhibited by gulfite, a reagent which blocks aldehyde 
groups. In the formation of labeled chd^terol by rat liver slices, labeled ethanol 
and acetaldehyde were somewhat more effective than acetic acid (97) suggesting 
that the intermediate is more r^dily formed from ethand and acetaldehyde. 
It is unlikely that the somewhat bij^er effid^cy of acetaldehyde and ethand 
under these conditons is due to the fact that liiqy diffuse more readily into the 
liver cell since the deuterium concentration in chdesterol is independent of the 
acetate concentration in the buffer medium over a wide range (131). 

In the intact animal and in liver slices deuterio alanine fails to give labded 
cholesterd (118, 97). Alanine, and presumably pyruvic acid, are therefore 
not oonvertible to the Cs compound which provides carbon for chdesterd 
synthesis and which is readily formed from acetic acid itself and from the hi^er 

^ The results obtained with intaotaDimala differ from those obtained in liver aliceB. The 
ratio of D to O* in cholesterol fonned from acetate in vitro (hanges from 8 to 2.5. Thia 
nd|d>^ be explained fay the loss of carbon bound denterimn associated with the intereon- 
version of acetate and acetoaeetate which proceeds rapidly in liver slices but appatootly not 
in the intact anunal. 
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fatty acids. This finding supports the previously expressed view that if a C 2 
fragment aiises in carbohydrate oxidation it is unlikely to be identical with that 
derived from fatty acids. 

The origin of the remaining carbon and hydrogen atoms in cholesterol, which 
are not accounted for by acetic acid, is unknown. In view of the fact that chol- 
esterol contains a branched side chain and angular methyl groups and that th^ 
groupings are otherwise present only in dietary constituents which animals can- 
not synthesize (valine, leucine, carotene), the possibility has been tested that one 
of the branched chain amino acids participates in steroid ^thesis. The feeding 
of leucine which contained deuterium at all positions of the carbon chain resulted 
in the formation of labeled cholesterol while similary labeled valine was in- 
effective (78). However, leucine is a ketogenic amino acid and in the course 
of its catabolism 3 delds acetyl groups. Hence, no conclusions may be drawn as to 
whether leucine specifically suppli^ the branched side chain and the angular 
methyl groups of cholesterol or whether the observed effect is ascribable merely 
to the intermediaiy formation of acetic acid. 

Cholesterol can serve as the parent substance for other compounds which 
possess the cyclopentano-phenanthrene structure. The in vivo transformation of 
cholesterol into cholic acid (134) and into pregnanediol (135) has been demon- 
strated with the aid of deuteriocholesterol and it has been found that a mimmum 
of two-thirds of th^ steroids can arise by degradation of cholesterol. It is 
therefore not too likely that animal sterdds other than cholesterol can also be 
farmed by total syntheris from small units by a pathway in which cholesterol is 
not an intermediate. 

Protoporphyrin. Hemin isolated from the red cells of animals which receive 
deuterio acetic acid contaias deuterium in significant concentrationB (30). In 
short term feeding experiments the kotope content of hemin will attain only a 
relativdy low level, since the protoporphyrin moiety of hemoglobin is ^thesized 
at a much slower rate than most body constituents (114) . When deuterioacetate 
feeding is extended to a period of several weeks the deuterium concentration in 
hemin reaches a value corresponding to 50 per cent of the isotope concentration in 
the acetic acid available in the metabolic pool (136). Therefore at least half of 
the hydrogen atoms in the porphyrin molecule are supplied by acetic acid. The 
constituent pyrrol nudd in the porphyrin molecule contain no hydrc^en linked 
to carbon; carbon bound hydrogen is pr^nt in the methin bridges which link 
the pyrrol rings and in the pyrrol dde chains. Hence, e^qperiments with deuterio 
acetic add do not reveal whether acetic add is also a source of carbon at(»ns for 
the pyrrol rings. A mechanism of synthesis which leads directly to a pyrrol 
structure contaming the appropriate side chains would seem to be a more likely 
event than a process in which the substituent side chains are attached to a pre- 
formed pyrrol nucleus. No deuterium k introduced into hemin after the feeding 
of deuterio propionic add while /S-o^-dideuterio butyric add k about half as 
effective as deuterio acetic add (136). The effect diown by butyrate kmoat 
likely due to its splitting into acetyl fragments. 

The origin of pyrrol nitrogen has bwn duddated by the experiments d 
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Shemin and Rittenberg (114, 137). Hemin isolated from tiie blood of a human 
subject who had received glycine labeled by contained so high an isotope 
concentration as to indicate a specific utilisation of glycine nitrogen. The 
specific role of glycine in pyrrol syntheM received further support from the 
finding that glycine was the most effective source of pyrrol nitrogen among 
several amino acids tested (114). In particular, proline and ^utamic acid, which 
have been suggested as possible biologii^ precursors of pyrrols because they 
contain or can readily form heterocydes amilar to pyrrols, were much less 
effective as sources of nitrogen for hemin than ^ydne. The utilization of the 
two carbon compounds, acetic acid and ^ycine, points to a mechanism of porphy- 
rin si'^thesis in which the ring structure and the substituents are formed simul- 
taneously, possibly by processes analogous to those which yidd pyrrols in organic 
chemistry. Fischer and Fink (138) have obtained evidence that ring closure to a 
pyrrol occurs when glycine and fonnylacetone (the aldehyde of acetoacetic add) 
react in aqueous solution at 37°. Tbe dasacal pyrrol synthesis of Khorr (139) 
involved the condensation of a-amino acetoacetic ester with acefylacetone. 
Acetic add can be converted to aceto-acetate in vivo and it is not inconcdvable 
that by an analogous process a amino-acetoacetic add is formed biologically from 
acetic acid and glycine. A biological pyrrol S 3 ^th^is anal(^us to the Knorr 
reaction would be attractive because it would afford a product in which the 
arrangement and the chemical nature of the substituents resembles that in the 
naturally occurring protoporphyrin. 

Uric add. Recently the utUization of Ca compounds for the synthesis of still 
another group of tissue constituents has been reported. Sonne, Buch a na n and 
Delluva (98) have studied the incorporation of C** into uric add, isolated 
from pigeon excreta, after the feeding of CJEfaC^OOH, CHi*C**HOHCC)OH, 
CHaCHOHC“OOH and NHaCHsC“OOH respectively. The carboxyl carbon of 
acetic add was located at the two ureido carbons (2 and 8) of the purine structure, 
while the carboxyl group ^ ^ydne supplied carbon for position 4, and CX)* carbon 
for position 6. On the basifl of the data available so far no plausible mechanism 
for purine synthesis from COa, acetate and ^ydne can be suggested. It is of 
interest in this connection that Barkmr and Beck (140) found ammonia, caibon 
dioxide, acetic add and lyrial] amounts of glydne to be formed as products of 
uric add fermentation by Clostridium addi urid. The findi n g s of Sonne et al« 
contain important evidence with respect to some other metabolic processes. 
The app^rance of acetate and {^ydne carbon at different podtions of the uric 
add eliminates the possibility that in the pigeon glycine and acetic acid are 
interconvertible. On the bads of nutritional studies, Almquist et al. had con- 
tended that the chick is unable to synthesiae adequate amounts of glycine and 
that in defident diets acetate may serve as substitute for glycine (141). The 
of the two compounds which is implied by these findin g s 
is contiradicted by the tracer experim^ts of Sonne et al. unless metabolio dif- 
ferences exist between the duck and tiie pigeon. 

The isotope data obtained by Sonne et al. furfchetmcare show that the a caibon 
of lactate is not incorporated into the same positions of unc acid as the carboxyl 
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carbon of acetate. A breakdown of lactate to acetate did, therefore, not occur to 
any considerable extent. These results are incompatible with the assumption 
that the hypothetical two carbon compound arismg in pyruvate oxidation is 
closely related to acetic acid. 

A relationship between acetate and lipid metabolism in bacteria has been 
observed by Guirard, Snell and Williams (142). Acetate stimulates the early 
growth of lactic acid bacteria, an effect which is also shown by fatty acids and 
various steroids. These results surest an important r61e of acetate in the 
synthesis of lipids by bacterial systems. 

As the result of investigations with isotopically labeled test substances there 
have been developed a number of novel biochemical theories among which 
Schoenheimer’s concept of the dynamic state of the body constituents has been 
the most outstanding (143). According to this concept, there exists a pool of 
metabolites which is continuously replenished by the breakdown products of both 
dietary and tissue constituents and which supplies the metabolites for energy 
production and for the rebuilding of ihe structural components of the cell. The 
concept dF the metabolic pool was advanced in order to interpret the data ob- 
tained from feeding experiments with isotopic substances and in order to provide 
a reasonable basis for the rapid interchange of dietary and tissue elements which 
was indicated by these r^ults. It ^ould be pointed out that the metabolic pool 
may not possess any physical reality in the sense that there exists in the body at a 
given moment a large reservoir of metabolites in which molecules derived from 
dietary and various tissue constituent are distributed in random fashion and 
are therefore undistinguishable. It is merely permissible to say that if for 
example 100 molecules of dietary ori^ enter the tissues during a given period of 
time and 100 molecules arise from body constituents during the same interval, 
then the chances that in a subsequent reaction dther the exogenous or endogenous 
molecule is employed will be equal. The metabolic pool should therefore be 
regarded merely as an expression of this probability. < 

One of the problems of metabolism which has hrid the general inter^t of the 
biochemist has been the mutual interconverrion of fat, carbohydrate and protein. 
These questions have only partially been answered by balance techniques in 
which the criterion of a biochemical converrion s the net change in amount of the 
reaction product which is induced by the precursor. In the light of the concept 
of the metabdic pool, biochemical interconverrions assume a different meaning. 
Fat, protdn and carbohydrate are int^convertible in the sense that they give rise 
to breakdown products which lose the identity of their origin and can be utilized 
interchangeably for the resyntheeds of dther one of the three major tissue 
constituents. 

The fact that acetic acid is employed as a building stone in the qyntheeds of a 
variety of compounds of different chemical structure and function, viz. lipids, 
carbohydrate, porphyrin, uric add and some of theaminoadds, eugg^ts its direct 
or indirect portidpation in the bioLogical f mmation of all compounds which cem 
be synthedzed by the animal cell. If this is true then acetic add cazmot be 
regarded as a spedffc precursor of a particular tissue constituent, but its utiliza- 



MBTABOUSM OF ACETIC ACID IN ANIMAL TISSUES 


605 


tLOD. would reflect merely the fact that the body employs two carbon units as a 
principal source for S3nithetic reactions. 

The biologically actioe form of acetic add. Since in isolated tissues acetic acid 
sho\7s 1 ms reactivity than in the intact fl.niTwft.1 the possibility baa been widely 
discussed that acetic acid is metabolically converted into a more reactive form. 
In organic chemistry such activations are achieved by esterification or anhydride 
formataon (acetylchloride, acetic anhydride, ketene, ethylacetate).® 

Experimental evidence for the biolo^cal formation and the participation in 
a synthetic reaction of an acetic acid derivative rather t han of acetic add itself 
has been provided in two instances. In bacterial systems the pho^horoclastic 
splitting of P3rruvate to acetylphosphate and formate can be reversed (145). 
No other function for acetylphosphate has been found so far. A process of inter- 
molecular acetyl transfer in which acetyl groups are shifted from an N-acetyl 
amino acid to a free amino acid has beai indicated by acetylation studies in the 
intact animal (35). 

There are two other well known biochemical processes which are dassifled as 
transfer reactions, transfer of methyl groups involving choline, methionine and 
creatine (146) and the amidine transfer from arginine to glycine in the formation 
of guanido acetic acid (147, 148). Such reactions cannot be described in terms 
of ordinary chemical equations involving stable compounds as intermediatM. 
It is conceivable that group or radicd transfer may be a more general phe- 
nomenon in biological ^tems and that the answer to the acetyl problem may be 
sought in this direction. 

The OXIDATIVE metabolism of ACETIC ACID. The ability of animal tissues to 
utilize acetic acid efficiently is illustrated by the fact that when fed to animals 
acetic acid does not appear in the urine in measurable amounts. In the experi- 
ments of Buchanan, Hastings and Nesbett with acetate containing radioactive 
carbon in the carboxyl group, over fifty per cent of the acetate absorbed by the 
rats was totally oxidized within two hours, as determined by the appearance of 
isotopic carbon in the expired carbon dioxide (120). This rate was comparable 
to that at iriuch similar quantities of lactic add wme metabolized (149). 

Acetate disappears aerobically from a variety of isolated tissues, tiie rate being 
most rapid in the cortex of guinea pig-kidney (150). little evidence exists that 
the acetate molecule as such can imd^go oridative reactions.* Products which 
could conceivably arise by oxidatian of the methyl group of acetic add such 

< For a oonaideration of the **aotiye’*foiia of acetic acid the followiiig organic chemical 
reactitms are of interest. The studies by Bergmann et al. (86) on intermoleoular transfer 
of acetyl groups or radicals between amino compounds have been mentioned above. Eha- 
lasoh and Qladstone (144) have shown that by converdon into diacetyl peroxide, the metiiyl 
groups of aoetio acid become sufSciently activated to undmrgo oc-a condensation to sucoinio 
add. The reaction is bdieved to be due to the dimerization of an intennediateOHiCOOH 
radical. 

• The of Toenniossen and Brinkmann (151} that formate is a product of acetate 
meitabdliBin in pmrfused musde is based on insufficient experimental evidence, but ecsor 
forma with recent obeervatioas of Buchanan and Sonne (167) on the rde of acetate and fcn- 
mate respectively as preeursois of uric acid. 



606 


EONBAD BLOCH 


as ^ycolic, glyosylic, oxalic acids or g^cine are metabolically inert under con- 
ditions whicb permit of rapid acetate (152). Many years ago 

Thunberg suggested that the oxidation of acetate was initiated by the dehydro- 
genative coupling of the methyl groups of two molecules of acetate to succinic 
acid (55). 

HOOC.CHjiH“£7H|CH,COOH HOOC.CHaCH,COOH [10] 

The same reaction was proposed later by Wieland and Sonderhoff to account for 
the formation of succinate by yeast in which acetate was the sole nutrient (153). 
Slade and Werkmaun (108) have studied this process with containing acetate 
in Aerobacter indologenea and have concluded that the isotope data demonstrate 
methyl condensation of two moles of acetate. Lipmann has su^^ested that this 
condensation may involve acetylphosphate (154). The inhibition by malonate 
of acetate and acetoacetate disappearance in animal tissues (155, 156) and of 
acetate in 3 reast (157) has been cited in support of reaction [10] but the fact that 
acetate oxidation is semdtive to malonate may merely be taken to surest that 
succinic add lies on the path of acetate metabolism; it does not indicate the 
mechanism involved. There is increasing evidence that the step which precedes 
acetate oxidation consists of a condensation with a C 4 dicarboxylic add. From 
the resultant Cs tricarboxylic add two carbon atoms are imioved by oxidation to 
regfflierate the dicarboxylic acid: 

CHsCOOH + C4->C6-*2 CO, + C* [11] 

The experimental support for this scheme coinddes in many instances with the 
evidence which led ori^nally to the formulation d the “dtric add’’ cyde for the 
metabolism of pyruvic add. In fact, in some respects the r51e of the tiicarboxylic 
adds is better understood for the oxidative phase of fatty add and acetate 
metabolism than for the oxidation of pyruvate. Acetate and acetoacetate have 
been diown to form the intermediate polycarboxyHc adds of the cycle, but it has 
remained undetermined whether pyruvate itsdf enters into combination with tiie 
C 4 dicarboxylic adds or whether the condensation is preceded by a d^radation of 
pyruvate to a two carbon imit. The significance of the dtric add cyde in the 
metabolism of &.t and carbohydrate re^ectively is still a matter of controversy. 
According to Breusch, carbohydrate is not oddized to an appreciable extent by 
way of the dtric add cyde (158), while Wdl-Malherbe (159) and Krebs (160) 
reject the view that the citric add C 3 rde is involved in the oxidation of 
acetoacetate. 

Acetoacetate, acetate and pyruvate have been shown to be convertible, in the 
presence of dicarboxylic adds, to dtrate and intermediates of the tricarboxylic 
add cyde, but wheth^ a sar^e mechanism is invoved in all cases is undedded. 
However, the dtric add cyde constitutes the most succ^sful attempt to date 
to deecxibe the oxidative phases of fat, carbohydrate and protein metabolism by a 
unified scheme which visualizes a junction of metabolic pathways and leads to a 
common mechanism for the ultimate oxidation of the three major dietary and 
tissue canstituents. 
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The citric acid cycle in relation to the metabolism of carbohydrate has been 
discussed in reviews by Werlanann and Wood (161), Krebs (162) and Evans 

(163) . The citric acid cycle as a vehicle for fat oxidation has been considered in 
detail by Wood (123). The pr^ent discussion will be concerned pr imari ly with 
experimental data which deal with the oxidation of acetic acid. 

Since there is little evidence to support the assumption that the carbon chain 
of acetate as such is susceptible to oxidation the question arises as to the steps 
which precede the conversion of acetate to carbon dioxide and \vTLter. Breusch 
(158) has suggested that the intermediate fi keto acids formed in fatty acid 
oxidation combine directly with oxalacetate to give a product which contains the 
two terminal carbon atoms of the fatty acid chain, leaving a fatty acid ^ortened 
by two carbon atoms. According to this view, two carbon compounds would not 
arise as distinct intermediates in fat oxidation. Since acetic acid is a compound 
of great chemical stability and, compared to other metabolites, relatively un> 
reactive in some biological systems, the view has frequently been expressed (123) 

(164) that acetic acid itself may never arise but may be the stabilization product 
of a more reactive Cs unit. The idmitity of this intermediate has not been 
established in animal tissues. Judging from the variety of reactimis which it 
imdei^oes in the intact animal and in some isolated systems, acetic acid must be 
readily convertible to the hyxmthetical reactive Ct fragment. 

Ca + Cl addition. The reversal of the phosphoroclastic splittii^ of pyruvic 
acid to formate and acetylphosphate according to the equation: 

CEiCOCOOB + ^ CHaCOOPOjH, + HCOOHOEIa + CO,) [121“ 

is well established in bacterial systems (145). Lipmann has demonstrated con 
vincingly that acetyl phosphate is the product of this bacterial dissimilation 
(166). The preservation of a large fraction of energy in the carboxylphosphate 
facilitates the reverse reaction, i.e., the carbo^ylation of the C, compound, a 
reaction which is energetically improbable with acetate itself. It has not been 
possible to demonstrate acetylphosphate as a product of pyruvate metabolism in 
ii.TiiTnft.1 tissues nor can the evidence for the formation of acetylphosphate from 
acetate in fl-nitna.! tissues be considered sufficient. lipmann and Tuttle (166) 
have incubated extracts from pigeon liver with acetate and adenosine triphos- 
phate and observed that on addition of hydroxylamine and ferric chloride a 
chromogen was formed which had the properties of hydroxamic acids obtainable 
from acetylphosphate or aldehydes, but more direct proof is de^ble to establish 
the identity of the acetyl compound formed under these conditions. The reversal 
of reaction [12] is a fonnylation rather than a carboxylation and apparently CO, 
can be utilized only in organisms wdiich hydrogenate carbon dioxide to formate. 
In considering the likelihood that reaction [12] occurs in animal tissues, it should 
be noted that so far no function has been assigned to formic acid in animal 
metabolism.^ Experiments of Lorber et oL (121) in which the isotope distribu- 

f This statement xnay have to be revised in view of the recent finding by Budbanan and 
Sonne (167) that formate is ntilised in uric add synthesis by pigeons. The authors suggest 
that formic add may arise by oxidation of acetate. 



608 


EONBAD BLOCH 


tion in glucose was studied after feeding of labelled acetic acid contain no evidence 
for Cj + Cl addition. Carboxylation of acetic acid which contained C“ in the 
carboxyl group would yield pyruvate with the labeled carbon at the a carbon 
atom. If such pyruvate were further carbojqrlated to oxaloacetate and reformed 
after passing through tiie stage of a symmetrical dicarbo^^lic acid, the isotopic 
carbon would become equalized between the a and |S positions of pyruvate. 
Glucose formed from the singly labeled pyruvate should contain isotope at 
positions 2 and 5 and, if formed from doubly labeled pyruvate, in positions 1 and 
6 as well. Actually a significant excess of was encountered only at positions 
3 and 4. Thus a carboxylation of acetate to pyruvate cannot be responsible 
for the incorporation of acetate carbon into the glucose units of ^ycogen. Data 
pertaining to the formation of ^ycogen or intermediates of the citric acid cycle 
in the pr^ence of labded CO 2 do not permit any deductions as to the occurrence 
of acetate carboxylation because any labeled carbon entering by the latter 
reaction become indistinguishable from the carbon which is incorporated into the 
C 4 dicarboxylic acids by the primary carboxylation of pyruvate to oxalacetate. 

Ci + Ci addition. There exist several observations which are consistent with 
Thunberg’s suggestion (55) that succinate might arise by the linking of the 
methyl groups of two moles of acetate. The conversion of acetate to succinate 
by yeast with acetate as the sole nutrient was attributed by 'Wieland and Sonder- 
hoff to the del^drc^enative couplii^ of acetate (153). In an analc^ous experi> 
ment with deuterio acetate Sonderhoff and Thomas (127) found high concentra- 
tions of deuterium in succinate and citrate and interpreted their results as 
evidence for reaction [10]. The proof for this contention would be conclusive 
only if the succinate contained close to four atoms of deuterium instead of the 
two atoms actually foimd. More than one pathway can account for the observed 
level of isotope in succinic acid. The same qualification applies to the findings 
on succinate formation from labeled carboh containing acetate by Aerobacter 
indologenea (108). The possibility that in both cases succinate arose by way of 
the tricarboxylic acid cycle cannot be excluded. At the present moment no 
experiments are available which establish tiie occurrence of reaction [ 10 ] in the 
conversion of acetate to succinate. 'Whenever succinate formation from acetate 
is demonstrable, succinate is not the sole product but a-keto^utarate and tri- 
caiboxylio acids also accumulate. If acetate were metabolized according to 
equation [ 10 ] a mechanism should also be available for the subsequent conversion 
of sucdnate to ketc^utarate and citrate. The discovery of the carboxylation 
of a-ket(^utarate to oxalosuccinate by Ochoa (168) provides a pathway to 
the tricarboxylic acids, but the rev^bilitF of the oxidative decarboxylation of 
ketog^utarate to succiaate remains to be demonstrated. 

C% + Cz addition. The posribilities have been considered that acetic and 
pyruvic acids combine to form the five carbon adds a-ketoglutaric and aceto- 
pyruvio adds. As a result of the current prominence of the tricarboxylic add 
cyde these two processes, which would lead directly to five carbon acids, have 
leodved dimmiabing attention. Krebs and Johnson (168) have suggested the 
formation of aeeto-pyruvate according to the equation 
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CHaCO| OH -i- Hj CHgCOCOOH GHaCOCHaCOCOOH 
CHiCOCHaCOCOOH + ^Oa CH,COCH,COOH + COa -f HaO [13] 

as a conceivabls intermediate for the conversion of pyruvate to acetoacetate in 
liver. The utilization of acetopyruvate by intact animnla and in isolated ti p,qiTP-« 
has been studied by Lehninger (170) . The compound was found to be ketogenic. 
Since acetoacetate can be metabolized by way of the tricarboxylic acid cycle the 
reaction offers a ch emic a ll y plausible scheme for the conversion of pyruvate to 
the oxidation level of acetate. 

Acetop 3 rruvate cannot be an obligatory intermediate in ketone body formation 
from fatty acids. Weinhouse et al. (76), in a study of the oxidation of labeled 
octanoic acid by hver, found an isotope distribution in acetoacetate which elinii- 
nated the participation of pyruvate as an fiaafintjal component. It is however 
conceivable that ketone bodies can be formed by two independent symthetic 
processes, by condensation of two molecules of acetate and by combination of 
acetate with pyruvate. 

ci(-Ket(^utarate is a substance in the tricarboxylic acid cyde and a 
demonstrable intermediate whenever fatty acids or pyruvate are oxidized. A 
process leading to o-ketoglutarate by “end to end” condensation of acetate 
and pyruvate has been su^ested by Krebs (171) : 

HOOCCHa pg 4- Hj CHaCOCOOH HOOCCH»CH,COCCX)H [14] 

Wemhouse et al. have observed the formation of labeled a-ket(^utarate from 
isotopic acetate and normal oxaloacetate in rat kidney dices or mince, but found 
no evidence for the simultaneous fonnaiion of marked tricarboxylic acids (172). 
In their eiqieriments non-isotopic citrate and ds-aconitate were added as carriers 
to facilitate the recovery of citrate at the end of the incubation period. The 
fmlure of acetate carbon to become incorporated into citrate in ^ite of the 
presence of aconitase, led the authors to the conclusion that citric acid as such 
was not in the pathway of acetate oxidation by Iddney. These results would 
seem to surest that a-ketoglutarate arose from acetate and pyruvate according 
to equation [14] without intervention of the tricatbosylic adds. However in 
this case the data exdude rigidly only the foimatioa of citric add itself. It does 
not appear to be feasible to isolate isodtric acid or ds-aconitate from such experi- 
ments. That the latter two tricarboxylic adds may have been intermediates 
becomes dear from kinetic data of Martins (173) and Krebs (174). These 
authors have shown that in eystems containing the tiicarbo^rylie acids and 
aconitase the conversion of ds-aconitate to isodtrate proceeds much more rapidly 
than to dtrate. As the conveidon of isodtrate to a-ket(^lutarate is also a rapid 
reaction it is possible that in the experinmts of Wdnhouse et al. ds-aconitate 
or isodtrate were the initial reaction products but that the breakdown to oi-keto- 
^utarate proceeded at a much faster rate than isomerization to dtrate. 

In a more recent investigation (176) the same authors report that after incu- 
bation of Iddney with isotopio acetoacetate and nmmal oxaloacetate, without 
addition of non-isot(^E)m carrier, dtrate could be isolated directly and diown to 
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contain an isotope level which indicated that about two-thirds of the citrate 
arose from the isotopic acetoacetate. These recent experiments differed from 
earlier ones only in that acetoacetate instead of acetate was the substrate. In 
view of the fact that acetate is readily convertible to acetoacetate under these 
conditions it is not apparent why labeled citrate should not have formed in both 
instances. 

In an anal3^ of the available data pertaiiyng to the citric acid cycle, Wood 
(123) points out that a-ketoglutarate formation according to reaction [14] as 
opposed to its formation from tricarboxylic acids cannot be ruled out at the 
present. If reaction [14] were responsible for a-ketoglutarate formation rather 
than the oxidative decarboxylation of isocitiic acid, then the formation of tricar- 
boxylic acids would have to be ascribed to the carboxylation of a-ketoglutarate 
to oxalosuccinate and reduction of the latter to isocitrate. Experiments with 
labeled test substances and studies of isotope distribution in the a-ketoglutarate 
formed from either labeled acetate or acetoacetate have been incapable of pro- 
viding an answer as to which reaction occurs. Labeled carbon will occupy the 
same positions whether a-ketoglutarate is formed by oxidative decarboxylation of 
isocitrate, directly from acetate and pyruvate or by carboxylation of succinate 
formed according to equation [10]. The condensation of oxaloacetate and acetate 
to a tricarboxylic acid does not as such involve an oxidation but can be formu- 
lated either as an addition if isocitrate is the primary product, or as a condensa- 
tion with elimination of water if cis-aconitate is initially formed. It differs in 
this respect from reactions [10] and [14] in which the coupling process is oxidative. 
Experimentally it has been foimd that the formation of the intermediates of the 
citric acid cycle requii’es aerobiosis (176) unless a hydrogen acceptor such as 
oxaloacetate is present in excess (177). This may indicate the occurrence of 
oxidative condensations or, as is generally believed, oxygen may be necessary to 
effect the transformation of the reactants into activated forms or derivatives. 

There is only scant information on the mechanisms by which carbon-carbon 
bonds are ^tablished biolo^caUy. It may be pointed out that in the few pro- 
cesses in which the chemical identity of the reacting molecules seems well ^tab- 
lished, e.g., in the formation of hexose freon triose, or of acetoacetate from acetate, 
or in the carboxylation of pyruvate to oxaloacetate, at least one of the reacting 
groups is a carbonyl group. No instances are known of a formation of carbon 
to ceyrbon bonds by elimination of hydrogen between methyl- or methylene 
groups. 

Ca + C 4 condmaaiion. At present the ultimate oxidation of the ^lit products 
of fatty acids can be explained most satisfactorily by assuming the intermediate 
formation of a tricarboxylic add according to equation [11] and the subsequent 
breakdown of the condensation product by way of a-ketoglutaiic acid and the C 4 
dicarboxylic adds. Beaotion [11] was oiiginalty proposed by ATrtenen (178) to 
account for dtrate formation from acetate in micro-organisms. The foUowing 
evidence has been secured in support of the suggested r61e of the dtric add cycle 
for fat and acetate oxidation in various biological systems. Widand and 
Sonderhoff (153) found suednate and dtrate to accumulate as products of acetate 
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oxidation by yeast when acetate was the sole nutrient. Under these conditions, 
the yield of citrate is increased by the addition of oxaloacetate (179). Succinate 
and citrate formed from deuterioacetate contained 60 per cent and 46 per cent 
respectively of the deuterium concentration of acetate in stably bound form (127). 
Lynen has contributed important evidence to show that the formation of suc- 
cinate from acetate in yeast involves the tricarboJ^lic acid cycle (157). He 
demonstrated that the malonate inhibition of acetate disappearance could be 
overcome by fumarate or oxalacetate and cites this finding as evidence for a 
requisite participation of the Ga dicarboxylic acids in acelate oxidation. The 
observation that the rapid disappearance of acetic a(dd in yeast is preceded by an 
induction period was interpreted to show that a second component must ac- 
cumulate before acetate can be metabolized at the Tnayirmnn rate. A stimu- 
latory effect of citrate, o-ketoglutarate and the C 4 dicarbo^qrlic acids has been 
observed for the aerobic disappearance of acetoacetate in kidney homogenate 
by Buchanan et al. (180). "Wieland and Rosenthal (176) obtained optimum 
yidlds of citrate in kidney brei when acetoacetate was oxidized in the presence of 
oxaloacetate. The identity of the reaction product with citric acid was etab- 
lished by direct isolation. Hunter and Leloir (177) have shown that two 
molecule of extra citric acid arise from each mole of acetoacetate. They have 
made the observation that in their experimental system, which consisted of the 
insoluble particle of kidney cortex homogenate, the simultaneous oxidation of 
a-ketoglutarate was essential for citrate formation. This oxidative process is 
believed to fumidi the necesary enei^ for the conversion of acetoacetate to the 
intermediate which condense with oxaloacetate. Lehninger (89) has found that 
the oxidation of octanoic add in a preparation of washed rat liver cells yields 
acetoacetate quantitatively, but that in the presence of fumarate, citrate and 
a-ketoglutarate accun^ulate in dgnificant quantitie at the expene of acetc^ce- 
tate. According to Breusch (181) an enzyme can be extracted from kidney, 
brain and skeletal muscle which catalyzes the anaerobic condensation of jS-keto 
acids with oxaloacetate to dtrate. 

In addition to the balance studies a number of eiqieriments have been carried 
out with isotopioally labeled substances. Buchanan et al. (180) incubated kidney 
homogenates with CHsC^OOH or acetoacetate marked by heavy carbon at 
both carboxyl and carbonyl positions. Non-isotopio ketoglutaric acid, fumarate 
or succinate were added as carriers; when re-isolated after incubation these acids 
were shown to contain in the carboxyl positions. It was calculated that the 
7 -carboxyl of a-ketoglutarate contained ahnost ten times as much as the 
carboxyl carbon adjacent to the carbonyl group. Essentially the same findings 
were obtained by Wemhouse et al. (172). The formation of labeled citrate from 
acetoacetate recently demonstrated by the same authors (175) has been men- 
tioned above. 

Intermediates of the citric add cycle can be obtained from isolated tissues 
on incubation with a variety of substrata but tince they are short-lived inter- 
mediates in vivo they are not obtainable as such in sufiBcient amounln f romintact 
animals. It has therefore not been possible to secure direct evidence as to 
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whether the tricarboxylic acid cycle is concerned in fatty acid oxidation also in the 
intact animal. Feeding experiments have been carried out by Buchanan, 
Hastings and Nesbett (120) with acetic, propionic and butyric adds, all of which 
contained in the carboxyl group. Glycogen isolated from such animals con- 
tained radioactive carbon in concentrations which in the case of acetate 
feeding were attributable to incorporation of COa, but were significantly higher 
with radioactive propionate and butyrate. Evidently the latter two acids had 
furnished carbon for glycogen synthesis by conversion to intermediates of 
carbohydrate metabolism. With the aid of degradation procedures which allow 
isotope determinations at individual carbon atoms of the glucose molecule (115), 
Wood and his collaborators have been able to diow that the carbo:^! carbons of 
acetic add appear at positions 3 and 4 (121) and the methyl carbons at positions 
1, 2, 5 and 6 of the glucose molecule (182). Thus, both carbon atoms of acetic 
acid are involved in glycogen formation. Butryric acid CH 8 C“HsCH 2 C“OOH 
afforded the same isotope distribution in glycogen as CHsC“OOH (182). From 
these findtngR the condudon can be drawn that there exists a pathway for the 
conversion of the two carbon split products of fatty acids into the glucose units 
of ^ycc^en. In this process each carbon atom of glucose can originate from 
fatty add carbon. 

Glutamic and aspartic acids are believed to be in biological equilibrium with 
a-ketc^utarate and oxaloacetic acid. Any incorporation of marked fatty acid 
carbon into intermediates of the tricarboxylic acid cycle should therefore become 
manifest by the formation of labeled aspartic and glutamic adds. The two 
amino adds have been isolated by Eittenberg and Bloch from the tissue proteins 
of mice which had recdved CHtC^OH, and were shown to contain significant 
concentrations of (183). 

While the evidence which has accumulated in favor of the tricarboxylic add 
cycle is impressive it diould be emphasized that this scheme does not offer a 
unique explanation for the formation of tri- and dicarboxylic adds as products 
of fatty acid oriidation. The following points of the cycle need further clarifica- 
tion: 1, the identity of the intermediate of fatty acid and pyruvate metabolism 
which condenses with oxaloacetate; 2, the nature of the ioitial condensation 
product; 3, the existence of one or more mechanisms for the oxidation d acetate, 
acetoacetate and pyruvate respectivdy. 

Althou^ the stimulatory effect of the €« dicarboxylic adds on citrate forma- 
tion is exhibited not only by oxal(»cetate but also by succinate, malate and 
fumarate, it is r^onable to asume that the effect is attributable in all cos^ 
to oxaloacetate. The nature of the acetyl compound which partidpates in the 
oondensation process is less evident. In some systems intermediates of the cycle 
aro formed from acetate as well as from acetoacetate, while in other situations the 
two substances cannot be employed interchangeably. In balance studies with 
kidnqy preparations (176, 177) and in the experiments of Ldminger (66) witii a 
heart musde preparation only acetoacetate was an effective precursor of dtrate. 
The failure of acetate to react in kidney preparations is unexpected because 
acetate is readily ocmverted to acetoacetate in this organ. On the other hand, 
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Biichanan et al. (180) found that labeled acetate was as effective as acetoacetate 
in forming labeled a-ketoglutarate in kidney homogenate. It should be re- 
emphasized in this connection that with the aid of the tracer technique a conver- 
aon can be demonstrated even if there is no net change in the concentration of 
the reaction product, e.g., citrate or a-ketoglutarate. This is important in 
systems in which the product is metabolized further at a rapid rate. 

In general, acetoacetate appears to be the more reactive molecule with r^ard 
to the condensation reaction. On the basis of their data Wieland and Rosenthal 
(176) postulated that acetoacetate itself condensed to yield the hypothetical pro- 
citric acids, citroylacetic or acetylcitric acids. Weinhouse et al. were able to 
isolate containing citrate from kidney homogenate when acetoacetate was the 
substrate (175), while in earlier experiments under mmilar conditions, labeled 
acetate yielded isotopic a-ketoglutarate but not citrate (172). The preferential 
utilization of acetoacetate might be to indicate that acetate enters the 
tricarboxylic acid cycle by way of acetoacetate. However, several situations 
exist for which this exqxlanation does not hold. Citrate is a product of acetate 
oxidation in yeast, but as far as is known, the conversion of acetate to acetoace- 
tate does not occur in this organism. Modes et al. have shown that acetate 
undergoes complete oxidation in hecuii muscle but that acetoacetate is not an 
intermediate (86). In kidney also a portion of acetate was oxidized by a route 
which did not pass through the acetoacetate stage. The data allow for two 
possible explanations: 1, acetate and acetoacetate enter the tricarboxylic add 
cycle by a different process, and 2, a reactive acetyl compound is formed from 
both acetate and acetoacetate before condensation occurs. In the utilization of 
acetoacetate a preliminary splitting to acetic add can be exduded as an inter- 
mediate step. Buchanan et al . (184:) added normal acetate and isotopic acetoace- 
tate to on extract of rabbit kidney and found that the acetic acid recover^ from 
the mixture after incubation contamed appreciably less isotope than a-keto- 
glutarate or succinate. From energy condderations it is to be exq>ected that an 
energy rich acetyl can arise far more readily from acetoacetate than from acetate. 
The inability of acetate to substitute for acetoacetate may be ascribed to an 
impairment of the enzyme system respondble for the conversion of acetate to the 
metabolically active form. Although acetoacetate is an efficient source of dtrate 
in various tissue systems, it is hi^y doubtful that it is an obligatory inter- 
mediate in tricarboxylic add formation from fatly acids. In the experiments of 
Lehninger with washed liver cells, acetoacetate, unlike octanoic acid, vras in- 
capable of yidding citrate (89). The preparation apparently bad lost the prop- 
erty of converting acetoacetate into the active two carbon fragment. The 
reasons which led to the bdief that in tiie intact animal acetoacetate is not an 
intermediate of fatty acid oxidation have been discussed above. 

Smce the experimented conditions employed by various investigators for the 
study of the same problem vary widdy, ];)articularly with respect to methods of 
tissue preparations, it is not surpridng that such experiments have often yielded 
contreiffictoty results and that it is not possible to fit all available data into a 
angle scheoDOLe. It is evident that with inoieadng impairment of the cellular 
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oi^anization the enzymatic complement of the biological system becomes 
increasingly deficient and hence the probability will diminish that a complex 
series of reactions can take place. Processes which have high energy demands 
and must be coupled wdth energy yielding reactions such as the conversion of 
acetate to an active acetyl are leas likely to occur in homogenates or tissue 
extracts than in systems in which the cell structure is preserved. 

Lipmann has shown that by the addition of adenosine triphosphate acetate can 
be activated to acetylate sulfanilamide anaerobically in pigeon liver extracts (2). 
The erqpectations, based on this finding, that the active Cs compound which is in- 
volved in the tricarboxylic acid cycle may be identical with acetyl phosphate, 
have not been fulfilled. Under conditions in which citrate formation can be 
demonstrated to occur with acetoacetate but not from acetate, acetylphosphate 
is also ineffective (184, 177, 89). In order to determine the identity of the 
active two carbon compound, Lehninger (89) has also tested the effect of glyco- 
late, glyoxalate, oxalate, acetaldehyde, ethanol, acetamide and glycine. None 
of the compounds yielded extra citrate under conditions which afforded citrate 
from octanoic acid. 

Since cis-aconitate, isocitrate and citmte are biologically interconvertible, 
the identity of the tricarboxylic acid initially formed in the citric acid cycle 
has remained in doubt. In the presses of aconitase the S3rst^ will contain all 
three acids irrespective of the nature of the prinaary Condensation product (173, 
185). The cycle as originally proposed by Krebs and Johnson (185), in which 
citric acid was the initial condensation product, had to be modified when it was 
found by Evans and Slotin (186) and by Wood et al. (187) that the a-ketoglutar- 
ate formed in pigeon liver homegenate from labelled COa and pyruvate contained 
labeled carbon only in the carboxyl group adjacent to the carbonyl group, and 
that when malonate was pr^ient, the succinate formed contained little (186). 
The tricarboxylic acids could therefore not have originatod from a symmetrical 
citric acid. An unsymmetrical molecule must also have been the precursor of 
the dicorboxylic acids which Buchanan et al. (180) and Weinhouse et al. (175) 
obtained as the reaction product of labeled acetoacetate or acetate, and oxaloace- 
tate. In the a ketoglutarate obtained from the latter experiments only one- 
sixth and one-fourth respectively of the total isotope was present in the carboxyl 
adjacent to the keto group; it should have contained half of the total, if a sym- 
metrical tricarboxylic acid had been the precursor. likewise, in glutamic acid 
isolated from the proteins of animals w^hich had reedved carboxyl labeled acetic 
acid the hea^’y carbon was not evenly distributed between the two carboxyl 
(croups (183). The C“ content of the carboxyl adjacent to the amino-group 
accounted for only one-fourth of the total, whereas it should have contained half 
of the total if the a-ketc^utarate arose from a symmetrical precursor. Thus, 
in the intact animal also, the ce-keto^utamte formed in the process of acetate 
oxidatian is derived from an intermediate in which the orientation of the labeled 
carbon is preserved. The much higher isotope content of glutamic than of 
aspartic acid isolated from this experiment su^^ts that only a small fractitm of 
the isotope incorporated into the f^utamic add was contributed by CX)s assamila- 
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tion. The carbon chain of aspartic add is believed to be furnished by oxalace- 
tate. If isotope had entered exdusivdiy in the form of COj by the carbo^lation 
of pyruvate to oxalacetate, then aspartate should contain not less but as much 
or more heavy carbon than the a-keto^utaric acid which is subsequently formed 
from oixalacetate by way of a tricarbosylic acid. 

The results obtained with labeled substances eliminate a symmetrical molecule 
as the initial condensation product, but do not indicate which tricarboxylic acid 
is involved. In addition to isocitrate and cis-aconitate, the two acids which 
according to present views are the most likely intermediates, oxalosuccinate has 
became a possible intermediate since Ochoa (168) him demonstrated reversibiliiy 
of the isodtrate-oxalosuccmate convei^on. Citric acid ha^ a symmetrical carbon 
chain but the possibility still exists that a citric acid which is substituted at 
one of the two primary carboxyl groups lies on the mAin path of the cycle. The 
suggestion of Widand and Rosenthal (176) that the citric acid formed in kidney 
from acetoacetate might have arisen secondarily from a procitric acid containing 
eight carbon atoms has been mentioned. Lynen (188) finds the formation of 
citrate from acetate and oxalacetate by yeast to be promoted by the sunultaneous 
oxidation of Buccmaldeh 3 rde and believes that the function of this reaction is to 
convert either one of the compcments into a more reactive derivative. If the 
condensation takes place with an acetyl compound CHa COR, a substituted 
unsymmetrical citrate molecule may result, which could be converted to cds- 
aconitate without eHmination of the substituent R. Lynen has pointed out that 
the data of Sonderhoff and Thomas (127) on the formation of labeled citrate and 
succinate in yeast, also rule out a symmeirical citric acid. Succinate formed from 
trideuterioacetate by way of a symmetiical tricarboxylic acid could not have 
contained more than one atom of deuterium, but was actually found to contain 
two atoms. The suggestion that an unsymmetrically substituted citric acid 
derivative is initially formed would also account for the unequal distribution of 
isotopic carbon in a-ket(^lutarate form^ from labeled acetate or acetoacetate. 
The question concerning the identity of tiie initial reaction product mi^t be 
clarified materially if it were possible to establish whether citrate formation 
occurs only in systems which contain the enzyme aoonitase. Accordmg to 
Erebs (162) this enzyme is absent from yeast. In this case the citric acid arising 
in the course of acetate oxidation by this organism could not have been formed 
secondarily from isodtrate or cis-aconitate but must have been the primary 
condensation product. 

A discusdon of the rdle of the citric acid cycle in carbohydrate metabolism 
is beyond the scope of this review, but it may be pointed out that no evidence 
exists to support the contention that the tricarboxylic acid feumed in the oxida- 
tive metabolism of pyruvate is identical with that arising from fatty add oxida- 
tion. The finding d Martius (189) tiuit oxalodtramalate, the condensation 
product of pyruvate and oxalacetate, is not attacked by kidney tissue is hardly 
sufficient evidence to rule out the occurrence of intermediate C? tricarboxylic 
adds. As the eoqperience with yeast has shown (190, 167), the lack of metabolic 
activity a substance added to a biological eystem may be apparent only and 
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maiy be caused by inabilily of the substance to penetrate ceil walls. This is 
particularly true for polycarboxylic acids. Furthermore, there are other C 7 
acids which could conceivably arise from pyruvate and oxaloacetate and which 
have not been tested biologically (formylcitric, oxalocitraconic acids). 

The conclusion that the tricarboxylic add cycle provides an important mecha- 
nism for the complete oxidation of fatty acids in the intact anima] is based on 
evidence of indirect nature. The appearance of isotopic carbon in the ^ycc^en 
of animals fed labeled fatty acids and in the dicarboxylic amino acids after feed- 
ing of acetate is not by itsdf indicative of the mechanism responsible, but is most 
reasonably ascribed to pathways which lead to the intermediary formation of 
tricarbo:^lic acids. It is not possible at present to determine what portion of 
the fatty acids is oxidised in the intact animal by this route. From the high 
isotope level in glycogen in the experiments of Buchanan et al. (120) and of 
Lorber et al. ( 121 ) it is clear however that a significant fraction of acetate and 
butyrate respectively was metabolized by way of the tricarbosgrlic acid cycle. 
In these experiments with starved animals, ordinary glucose was given simul- 
taneously with the labeled fatty acids in order to insure glycogmi deposition. 
The labded glycogen arising from the labded fatty acids was therefore diluted by 
glycogen formed directly from dietary glucose. 

The finding ofCWood et al. (182) that the same isotope distribution in glucose 
obtains with butyrate labeled at carbon atoms 1 and 3 as with carboxyl labeled 
acetate demcmstrates the breakdown of butyrate to two acetyl groups and 
furnish^ additional evidence for the view that fatty acids are degraded by suc- 
cessive removal of two carbon units. These data are not in agreement with the 
sugg^on of Blixenkrone-Moeller (191) that butyrate might be oxidized to 
succinate directly by ta oxidation. 

The results obtained during the past few years have not only provided the 
basis for a reasonable scheme of the total oxidation of fatty acids but have also 
clarified the controversial rdationship of fat and carbohydrate metabolism. 
From the findings discussed above it may be concluded that fatty acids are 
convertible to carbohydrate in a restricted sense. The split products of fatty 
acid oxidation contribute to carbohydrate synthesis but the fatty acids by th^- 
selves are incapable of causdng an increased formation of ^ucose or ^cogen 
because the mechanism by which the fatty acid carbons find their way into 
^ucose requires the participation of carbohydrate itself. This explains why in 
the starved or diabetic animal fatty adds and acetate do not show a ^ycogenic 
effect. 
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BIOLOGICAL AND MEDICAL APPLICATIONS OF 
ELECTROPHORESIS 

JOHN A. LUETSCHER, Jb. 

Department of Medicine, Johns Hopkins University and Hospital, Baltimore, Md. 

The need of an effective method for the separation and analysis of mixed pro> 
teins has been uniquely met by recent improvements in the electrophoretio 
method. The ordinary principles of qualitative analysis are inadequate to deal 
with proteins, whose components are frimilftr and whose characteristics are de- 
termined less by their composition than by their structure. Furthermore, 
proteins may be easily modified and their distinctive properties may be d^troyed 
by the chemical treatment necessary for their separation. The physical methods 
are better fitted for the task. A distinctive structural characteristic of the pro- 
tdn is used in the separation, and the forces applied are extraordinarily harm- 
less. The amount of material nec^sary for physical analysis is small. Ultra- 
centrifugation (329) and electrophoresis share these properties and yield 
valuable, independent information on the diaracteristias and composition of 
proteins. 

Technique, The movement of protrin ions in an electric field has emerged 
during the last decade as an important biochemical method (46, 165, 170, 186, 
214, 323, 324, 328, 338, 366, 369). Earlier studies were limited by technical 
difficulties and the present usefulness of the electrophoretic method has de- 
veloped largely from improvements in technique. Ten years ago, Tiselius 
described the apparatus which gave speed and precision to the moving boundary 
method and made possible the quantitative study of complex proteins (348). 
Longsworth, Philpot, and Svensson adapted the optical i^ystem to simplify the 
quantitative analysis of mixture (110» 131» 163, 164, 166, 170, 173, 213, 260, 
330, 331, 338). ThKse technical improvements opened new fielxls of investiga- 
tion, which have been widely explored and described in a literature so extensive 
as to be difficult to bring together in a review of reasonable length. This review 
is limited almost entirely to the work of the last decade. The reader will 
doubtless find applications to his own field of interest which can be fully appre- 
ciated only after study of original work in that field. 

In the “moving-boundaiy*' method of eLeotrophoresis, a sharp “boundary” 
between a protein solution and its solvent is formed and olwerved as the protein 
moves in an electric field. If the protein is hom(^eneous in mobility, the bound- 
ary remains sharp and sin^e. If there are different speries of protein in the 
solution, they may move with different speeds, so that the origuial, sharp, 
protein-solvent boundary become wider and may separate into several bound- 
aries, ep i*h representing the end of a column of protein of different mobility. 
The number and position of the boundaries are observed by means of the change 
in re&active index produced by the change in inrotein concentration. If the 
specifi.G refractive increment of each protrin is known, the cancentration of tho 
components of a mixture may be measured. Under suitable conditions, the 
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slowest and fastest components may be separated from the mixture and recovered 
in nearly pure form. 

Electrophoretic study of insoluble proteins can be made by the microscopic 
observation of the motion of particles. Inert particles coated with protein 
generally move with the same mobility as the dissolved protein (221, 222, 223, 
300, 307). The surface of living cells may be studied by similar observations. 
Abramson, Moyer, and Goiin (10) have reviewed the earlier micro-electrophoretic 
studies and included an account of their interesting studies on c^. Electro- 
osmosis and membrane potentials are considered to be corollaries of electro- 
phoretic migration. 

Observation of purified proteins has brou^t out the dependence of electro- 
phoretic mobility on the pH and ionic strength of the solution, and curves of 
mobility at various hydrogen-ion concentrations are closely related to the acid- 
base titration curves of the protein or other amphoteric substance (4, 10, 54, 
322, 338, 360). The mobility of protein is affected not only by the quantity of 
ions pr^ent but also by the types of ion in the solvent (16, 338, 349) . Since the 
relative mobilities of the components of a mixture determine the completeness of 
electrophoretic separation, the choice of buffer is of critical importance. Fur- 
thermore, the boundary anomalies and the correspondu^ uncertainty of analyti- 
cal accuracy may be reduced in proper buffers (66, 166, 167, 170, 336, 338). 
The avddance of convection requires accurate adjustment to the temperature 
of maamum density of the solution studied (12, 165, 207, 211). 

Eledrophoretic ObservaHons and ApplicaMons. The simplest type of observa- 
tion which can be made by electrophoresis is the enumeration of boundaries. 
The component protein fractions may be further described according to their 
mobility under one or more conditions of pH and ionic strength. Tiselius and 
Stenhagen described the electrophoretic fractions of the plasma proteins in this 
way, identifying albumin, fibrinogen, and the three globulin fractions which were 
named alpha, beta, and gamma in the mxier of their mobilities (320, 348, 349, 
360). 

Electrophoretic homogeneity is sometimes interpreted as chemical homo- 
geneity mthout adequate proof or reservation. There are many other important 
criteria of the purity of proteins, including chemical analysis, cr: 3 ^tallinity, 
ultracentrifugal analytis, and, perhaps, most important, constant solubility 
(302). Biological activity may be used as a crude measure when present. These 
methods are unfortunately contradictory in some cases. The wei^t which is 
placed on the electropharetic measurements should depend on the completeness 
of examination under wide variations of pH, ionic strength, and buffer salts, 
with a protein concentration adequate to detect small amounts of an impurity. 
In certain cases, it is easy to dedde the relative value of electrophoretis. Crystals 
of serum albumin, e^ albumin, or hemo^obin, studied by electrophoresis, 
may show recognisable contaminants from the native mixture (145, 168*, 187, 
216). A pure preparation may become electrophoretioally impure on standing 
(216, 304). On the other hand, insulin appears the same to electrophoresis, 
whether the inreparation is crude or purified (100), and scdubility has proved a 
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more sensitive ciiteiion than electrophoresis in the study of pepsin (107) 
ch 3 nnotryp 8 inogen (28). Ultracentr^gation may 3 deld simpler patterns thnn 
electrophoresis, as in normal serum ^obulin (242, 329) and enzymatic digests 
(61, 248, 362), or more complex patterns than dectrophoresis, as in the abnormal 
serum ^obulins of multiple myeloma (130, 196, 242). Electrophoretio homo- 
geneity is obviously a very limited measure of purity vhen the preparation has 
been made by electrophoretic separation. 

The most fruitful use of this type of ol^servation has been in the guidance of 
chemical separation of proteins from, natural sources. The results have been 
equally important to the student of diectrophorans, since they have identified 
the chemical and bioloj^cal nature of the electrophoretic components. 

In extensive studies of plasma protdns, E. J. Cohn and his associates have 
used the electrophoretic method as a control in fractionation (43, 44, 45, 46), 
obtaining not only purified fractions of bidogical and medical value, but also a 
vast store of information correlating ch^nical and biological properties vdth elec- 
trophoretio behavior. Electrophoretic control of classical and newer methods 
of plasma fractionation has found general acceptance (61, 62, 63, 93, 119, 
332, 349, 350, 381). This co-ordinated approach has been less dfmi applied to 
the iirotdns altered by disease in order to elucidate the changes inadequately 
described by electrophoresis alone. Longsworth (169) demonstrated the in- 
creased lipdd content of the beta-^obulin in nephrosis and in obstructive jaun- 
dice. Becently, Seibert (290) has correlated the increased polysaccharide 
content of blood with the increase in alpha-2-globulm seen in pneumonia, tu- 
berculosis, and certain forms of cancer. 

The striking changes which occur in the electrophoretic pattern of serum 
during immunization and after reaction with the specific antigen give a clear 
picture of the appearance and removal of antibody. Such studies have been 
equally important in the understanding of the electrophoretic pattern and in 
establishing the relationship of antibody to the plasma proteins. The early 
studies of liselius and Kabat showed that circulating antibodies appeared in 
the gamma-globulin fraction of rabbit plasma (350, 363, 358) and this has been 
abundantly confirmed in many species (52, 53, 57, 73, 132, 206, 209, 231, 232, 
274, 289, 341, 346, 365, 366, 369, 382, 883). Even the “normal” adult man 
beam the scars of dd battles with disease in his ganuna-^obulin (63, 71). The 
in(u*eased globulin after immunization is not necessarily identical with normal 
gamma-^obulin (63, 104, 174, 353, 358, 365, 366, 368), nor is the increase 
in the gamma fraction entirely active antibody (270, 368, 371, 3^). Less often, 
some antibody has been found in othw ^obulin fractions (71, 73, 132, 239, 
286). The electrophoretio method has been useful in studying the chemical 
purification of imTrmnfl j^obulin, but has found only a minor place in the prepa- 
ration of highly purified antibody (335), since other methods have proved to be 
more specific and effective. 

Some information on the origin of antibody has been contributed by White and 
Dougherty (69, 378, 379), who have idiown that several proteins tr embli ng 
those of serum may be fcnmed in lymph nodes. These protons are released from 
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the I 3 n 2 iph nodes under pituitary adrenocortical stimulation at the same 
that antibody increases in the serum. Since the adrenocorticotrophic hormone 
may also increase serum albumin (160), the ensuing relative changes in serum 
proteins may vary and can not be interpreted in the absence of measurements of 
plasma volume. It seems quite clear, however, that several proteins, including 
antibody, may be increased in the circulating blood after pituitary adimocortical 
stimulation. The r61e of the lymph node in the production of gammarglobulin 
has been corroborated by the demonstration in lymph nodes of a protein anti- 
genically identical with the gamma-globulin of serum (127). 

The purification of protdbos with hormonal and enzymatic activity has been 
aided by electrophoresiB as a control and, in some cases, as a separative tool. 
Theorell combined the chemical and Electrophoretic methods in his purification 
of the yellow enzyme (128, 343) and later of cytochrome C (344) . Preparations 
of pepsin (106, 107, 352), ohymotrypsinogen (28), phosphorylase (89, 374), 
zymohexase (310), l-amino-oxidase (90), carboxylase (202), libonudease (269), 
mucopolysaccharase (98, 99), and carbonic anhydrase (247, 311) have be^ ex- 
amined. Enzymatic digestion of protdn has been followed by electrophoresis 
(61, 248, 249, 356, 362, 363, 370), but ultracentrifugation is generally a more 
sensitive measure. The preparations of the protein hormones of the pituitary 
have been guided by electrophoresis (38, 39, 151, 152, 153, 154, 156, 157, 159, 228, 
277, 299, 304, 376, 377). In the case of insulin, however, the method has not 
proved applicable (100). Highly purified thyroglobulin is homogeneous in its 
migration (103). 

Many protdns of cells and their secretions (35, 36, 58, 59, 70, 91, 101, 114, 
116, 118, 122, 133, 156, 177, 200, 201, 217, 226, 268, 266, 316, 326, 327, 354, 357, 
380, 387, 388) have been subjected to electrophoresis, generally to estimate the 
purity or complexity of a preparation or to separate an active material, such as 
the hematopoietic factor of the liver (375) or the thromboplastin of lung (41). 
Other materials, such as hemoglobin or ^ albumin (11, 13, 18, 29, 54, 83, 168, 
240, 263) have been extensively studied because of their availability, ready 
crystallization, and the wealth of comparative physico-chemical information, as 
well as for the inters in thdr biolo^cal properties (27). Bacterial antigens 
and toxins (1, 47, 82, 125, 126, 142, 162, 192), as well as active preparations of 
virus (24, 25, 72, 79, 146, 197, 198, 204, 229, 266, 267, 271, 293, 300, 303, 307, 
308) have been studied. Plant extracts of many types show complex patterns 
which can usually be related to their chemically separated components (15, 75, 
76, 77, 117, 264, 273, 280). 

A numbeor of interesting investigaticms deal with cell protdns which commonly 
^ve rise to hypersmisitivity in man. Seibert’s purification of tuberculin pro- 
teins, guided by electrophoreria, has led to a standardized testing material of 
medical importance (92, 282, 2^, 284, 285). Abramson, Moore, and Ciettner 
have separated the proteins of hay-fever producmg poUens by diectrophoresis 
and have identified skin-reactive fractions of low mdeoolar wel^t, which may 
account for the unusual seumtiang ability of these pollens (6, 7, 8, 9) . Chemieal 
methockt of separation of pollen fractions have not been so ^eotive under electro- 
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phoretic scrutiny (233). Electrophoresis has found a place in the separation of 
the dlergenie protein of cottonseed (316, 317). 

Intact living cells move in the deotric field. The influftnnA of the solvent on 
this motion may reveal properties of cell surfaces, which determine the mohilily 
(2, 10, 80, 105, 319). Intact red blood cells possess distinctive surface character- 
istics which are little altered by suap^ision in protein solutions (5) «-T»d surpris- 
in^y unaffected by damagng agents (14). The ^osts of hemolyzed red blood 
cells migrate with the same speed as the intact cell (3) and a component of wimilar 
mobility has been identified in extracts of the cells (326). Spermatozoa show 
variations in isoelectric point and mobility, which allow separation and perhaps 
some degree of sex differentiation (305, 306). Bacteria migrate in the electric 
field, and some biolo^cal characterisiics may be correlated with mobility (26, 
33, 78, 161, 236, 319, 372). Similar studies of protozoa have been made (193, 
291, 305). 

Preparaiive Blectophoresis. It is often desirable to recover one or more of 
the fractiona separated by electrophoresis for chemical characteiizatian or for 
study of biological activity. Since sepsuration and recovery are most successful 
when the mobilities of the components are distinctly differ^t, the conditions 
should be chosen with great care. In any single separation, only the fastest and 
slowest components can be obtained in pure form. Fractions of intermediate 
speed can be obtained by two or more steps, first isolating two faster components, 
for example, and then separating them in a second operation. Given a mixture 
which can theoretically be separated, the chief problems are concerned with 
technique, purity, and yield. In general, techniques which give fractions of the 
high^ purity also yield very little material (337) and the collection of large 
amounts of material is very tedious. The conventional U-tube design of Theorell 
(342) and Tiselius (348, 351) include apparatus of varying size and with varying 
numbers of compartments which can be clc»ed off at the end of the separation. 
Macheboeuf (184) (teribed an ingenious method of withdrawing samples with- 
out disassembling the apparatus. Svensson (333, 334, 338) uses a similar 
technique in his apparatus, which is arranged to allow almost continuous opera- 
tion. There are other quite different pindples of separation which have not 
yet reached the technical perfection of the conventional apparatus (337, 338), 
but which have great promise in suitable circumstances. “Electrophoresis- 
convection” causes the concentration of protdn against a semi-permeable mem- 
brane (94, 135, 343). Stationary elecMysis separates proteins of different 
isoelectric points (97, 361). Flowing, thin layers of protein have been used to 
fadlitate separation (251). Fackchanian described a large horizontal apparatus 
suitable for separation of living oiganisms (238). 

Andlysia of Plasma Proteins, The quantitative analysis of the component 
proteins of mixtures has had its widest application in the analysis of plasma and 
of certain related fluids. The original nomenclature of Tiselius is still in general 
use for the serum globulins, which are described as alpha, beta and gamma in the 
order of their mobilities in alkaline solutions. Certain subdivisioiis have ap- 
peared: two alpha and two beta globulin fractions are often further identified by 
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the subscripts 1 and 2. The complexity of the fibrinogen fraction is indicated 
by the appreciable protein of the same mobility remaining after clotting (386), 
which has been isolated and found to resemble gamma-^obulin (63). The wide, 
reversible spreading of the gamma boundary shows its heterogeneity (116, 121, 
294, 295) . Albumin separates into two components on prolonged electrophoresis 
(22, 113), especially just above pH 4 (178, 296) or in the presence of certain 
anions (16, 336). 

In the “normal” man and in certain animals, the electrophoretic fractions have 
acquired more or less substance of chemical and physical characterization. Such 
information confirms the complex nature of the albumin and globulin fractions 
(43, 44, 46, 46, 112, 199, 296, 332), as well as the presence of biologically active 
proteins in amounts too Hmall to recognize in the pattern of the native proteins 
(46, 237, 262, 266, 281 , 321). The assodation of carbohydrates and lipoids with the 
blood proteins is very intimate (21, 22, 34, 185, 350, 386) and these substances 
affect both the refractive increment and mobility of the protdns to which they 
are bound, chiefly the alpha- and beta-globulins (21, 23, 140, 143, 249, 386, 386). 

When the proportions of the serum proteins are altered by disease, there may 
be qualitative changes in the fractions and not simply more or less of the normal 
proteins. In the study of such changes, it is important to employ suitable 
phydcal, chemical and biological techniques to correlate the electrophoretic 
patterns with more definitive alterations in the proteins. Many current reports 
are descriptive, a natural stage in the collection of information. It is to be hoped 
that the interest so aroused will stimulate the collection of more fundamental 
information on the altered proteins, so that these fractions, now only shado\ro 
on the electrophoretic diagrams, may be better defined. 

The electrophoretic analysis of human plasma has become ri gi dly standardized 
in many laboratories, since not only the quantitative distribution of proteins but 
even the identity of fractions may vary somewhat with changes in the buffer (16, 
60, 136, 170, 217, 245, 336). Ihe human alpha-l-“globulin” of the most gener- 
ally used barbiturate buffer is included in the “albumin” fraction in phosphate 
buffer, while the alpha-2 and beta ^obulins are often more clearly separated in 
phosphate buffer. Two useful buffers about which the most information 
accumulated are sodium diethyl barbiturate of ionic strength 0.1 and pH 8.6, 
and sodium or potassium phosphate of ionic strength 0.2 and pH 7.7. Since too 
high a protein concentration affects the analytical results in buffer of low ionic 
strength (16, 65, 345, 336), the design of the optical system must conform to 
certain standards in order to obtain the best results. This total standardization 
leads to a single end, the comparability of human plasma patterns. For purposes 
other than the standard quantitative analysis of human serum or plasma, the 
inv^tigator can adapt these conditions to produce optimum separation of the 
components which he wish^ to study. The enormous flexibility of the electro- 
phoretic technique should not be impaired by too rigid conventions, nor should 
sii^t be lost of the artificiality of any such angle set of conditions. 

The interpretation of the shadow diagramsmust be guarded in certain respects. 
Ihteractian between protons and other proteins (36, 47, 139, 141, 168, 217, 364, 
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3fi7, 369) or smaller ions (16, 17, 171, 183, 205, 230, 269, 261, 322) may produce 
anomalous results. The changes occurring after prolonged standing (16, 143, 
176, 187, 216, 279), freeamg, drying, or denaturation (49, 55, 64, 102, 138, 140, 
141, 188, 248, 262, 309, 350, 367) are defined for some proteins and mixtures. 
Moreover, the usual analytical method assumes the uniform refractive increment 
of components. Th^e include lipoids and carbohydrates bound to serum pro> 
teins, and conversion factors are necessary in order to apply the data to nitrogen 
content (16, 48). The normal conversion factors may change under pathological 
conditions (16, 169, 386). 

In spite of these criticisms, the electrophoretic method gives an accurate, 
reproduable, and distinctive description of the plasma proteins, vrhich is not 
attained by any other available method (16, 50, 338, 354) . It was long ago recog- 
nized that the “salting-out” of proteins yidds only a limited analytical approach 
(37, 66, 88, 179, 219, 341, 349, 350, 371, 385). Original globulin precipitates 
studied by electrophoresis are complex mixtures, and the separation of albumin 
from globulin requires several recrystallizations. Alcohols yield better separa- 
tions (44, 46, 254, 332), but require exact control of conditions. 

The normal pattern of plasma has been established not only for man (16, 65, 
88, 95, 129, 143, 144, 166, 179, 210, 235, 246, 264, 272, 279, 301, 330, 341), but 
for a numb^ of animals (60, 136, 150, 158, 218, 275, 297, 336, 338) . The analyses 
vary somewhat with different buffers (218, 336, 338) but inicate a striking 
spedes variation in the number and distribution of protein components. The 
normal electrophoretic pattern of human plasma is comparatively simple, since 
the separation of albumin, ffbiinogen, and the three globulins is quite complete. 
The nomenclature of Uselius for these wdl-defined fractions becomes quite arti- 
ffdal when applied to veiy complex animal sera, such as those of the sheep, cat, 
and guinea pig, in which as many as ten peaks may appear (60). Arbitrary 
definition is certain to lead to confmdon, and a surer method of description of 
such complex sera is by mobility under defined conditions of buffer ions, ionic 
strength, pH, and protein concentration. The buffers in which many of these 
sera have been examined were chosen by systematic trial for optimal separation 
of human serum. More satisfactory buffers may well be found for individual 
animal sera. 

From reported analyses it appears that ungulates tend to have a lower propor- 
tion of albumin in plasma than rodents and primates (60, 218, 338). The horse 
has the lowest recorded proportion of albumin. The plasma proteins of the 
rhesus monkey have a pattern closely resembling the human pattern. Birds 
show a rather characteristic mass of slower-moving globulins; and the **beta- 
^obulin disturbance,” fibrinogen, and “gamma-globulin” are poorly separated. 
The hen and cock may show differences in serum proteins, while in mammals the 
serum proteins show little or no sex differentiation. The carp has a pattern quite 
different ffom the hi^er aniTnalR (60, 218). Animals show considerable varia- 
tions of protein distributian between individuals and breeds in addition to tiie 
species differences (218, 297, 298, 338). 

In devdoping chick and pig embryos, the plasma undeigoes a gradual differen- 
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tiation from a simple to a more complex pattern (220) . The carbohydrate content 
falls during the period of development, while the nitrogen content rises. Albu- 
min appears later than several components with the mobility of globulin (220). 
The blood proteins of the ruminant fetus are apparently quite different from 
those of the human or rodent fetus. The human fetus at birth has only a sli^tly 
lower albumin and hi^er gamma globulin than the adult man (144, 172, 279). 
The new-born calf, however, has almost no gamma-globulin and little beta- 
globulin until colostrum is ingested, when there is a remarkable increase in these 
globulins and the associated antibodies (120, 274). Pedersen (241, 242) has 
found a characteristic serum globulin which comprises a large part of the globulin 
of the ruminant fetus, but is found only in amall amounts in the fetus of man or 
rabbit. These differences are probably related to the leas permeable placenta 
of the ruminant. After weaning, the young dog may develop a lower albumin, 
fibrinogen, and gamma-globulin, and a higher alpha- and beta-globulin than the 
adult dog (150). 

When quantitative analysis by electrophoresis was applied to human plasma 
in disease, surveys indicated such distinctive patterns as to arouse hopes for a 
wide application in medical diagnosis. Characteristic electrophoretic patterns 
have indeed become rec(^nized as virtually diagnostic of certain diseases, such 
as nephrosis and some t 3 q}es of myelomatosis. More often, however, the picture 
has proved to be characteristic not of the specific disease but of the host’s reaction 
to infection or injury. The various changes are frequently proportional to the 
severity of the physiolo^cal disturbance and may vary with the duration or stage 
of the disease, with nutritional factors, with loss of plasma protein, and with the 
involvement of certain organs, such as the liver (88, 182, 218, 290). 

The conunon denominator of almost every pathological state is a relative or 
absolute decrease in the serum albumin. The electrophoretic technique demon- 
strates this change with greater sensitivity than the salting-out methods. The 
reduction of serum albumin is often associated with two factors common to many 
diseases, — a deficiency of protein and a general reaction of the body to injury and 
infection (31, 81, 190, 244). When the concentration of serum albumin is seri- 
ously reduced, the concentration is stabilized by osmotic factors and by the re- 
moval of transfused albumin from the circulation (181). Eleotrophoretically 
homc^eneous fractions, such as concentrated human serum albumin, can be effec- 
tively used to study such transfers of protein (181, 346, 347). 

The effects of malnutrition on the dlectrophoretic pattern of human plasma 
have not been adequately d^cribed. To be sure, there seem to be as many 
possible types of malnutrition as typ^ of disease, but very little fundamental 
information of any sort is available. Keys (134) found normal electrophoretic 
patterns in volunteers who showed great weight loss and edema on a diet charac- 
teristic of the recent European famine. Patients with a history of prolonged 
alcoholism and multiple dietary defid^cies have developed intractable hypo- 
proteinemia with a reduction of both serum albumin and globulin (182), but 
similar changps have been observed in patients without obvious dietary defiden- 
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cies (328). In one caee, a very low concentration of gamma-globiilin haa been 
observed to increase after an adequate intake of protein (137). 

The plasma of dogs on a diet deficient in protein with or without plasmaphe* 
r^is shows a considerable reduction in ^rum albumin (37, 384, 385). The 
globulins are apparently increased, due to associated lipids, but the globulin- 
nitrogen of plasma is not increased (385, 386) . The regeneration of albium'n after 
depletion by diet and plasmapheresis takes a matter of weeks and is still incom- 
plete when the total plasma protein hfl,s returned to normal levels (384, 385). 
Pigs on a tryptophane-deficient diet may develop a marked reduction in serum 
albumin and in several globulin fractions (30). 

Severe bodily injury is followed by striking changes in the albumin and alpha- 
globulin fractions of the plasma. Brnns, freeing, akin irritamts, certain poisons, 
hemorrhage, fractures of bones, and myocardial infarction are followed by an 
increased alpha-globulin concentration (31, 81, 244, 301). The reduction of 
albumin may be a measure of the severity of injury and occurs earlier than the 
increase in globulin. The close resemblance to the changes observed in acute, 
febrile infections is unmistakable and suggests that this reaction of the proteins 
to injury is related to adrenal stimulation and the protein-catabolic reaction, 
which appear in similar circumstances. 

The plasma globulins respond to infection in two distinctive patterns. In the 
febrile stage of an acute infection thm*e is usually an increase of alpha-globulin 
to several times its normal concentration. The usual reduction in serum albu- 
min makes the proportional rise of the alpha-^obulin even more striking. This 
change has been observed in pneumonia (166, 180), tonsUlitis (166, 190), scarlet 
fevCT (68), rheumatic fever (68, 166, 190), peritonitis (166), and infectious mono- 
nucleosis (42). An exception to the general association of acute febrile Ulness 
with an increased alpha-globulin occurs in vivax malaria (67, 96)t The increased 
alpha-^obulin may be related to the “C-reactive protein” which appears in 
human serum in acute infections and which is foimd in the alpha-globulin 
fraction (243). 

A later change in serum globulin following virtually all types of infection is an 
increased concentration of the gamma-fraction (42, 53, 67, 68, 96, 166, 180, 190, 
191, 208, 231, 272, 288, 290). The time-relationship of these ch^ges has been 
clearly demonstrated in a continuous study of the plasma during the course of 
scarlet fever and rheumatic fever (68). The increase in gamma-globulin is prob- 
ably correlated with the production of antibodies. The new component may 
not have a mobility identical with the normal fraction (63). In kala-azar, a 
fraction of unusua% slow mobility appears in large amounts (51). 

In chronic infections of many types, there is a tendency for all globulins to 
become increased in a manner reminiscent of ‘liyperimmune” sera of animals 
(366). In many infections, fibrinogen is increased at an early stage along with 
alpha globulin and may remain elevated if the disease persists (190). A recent 
survey of many cases of tuberculosis desmibes changes in the serum globulins 
varying with the stage of the disease (290). In minimal tuberculosis, gamma 
globulin is elevated above the normal level. Moderately advanced cases show 
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parallel increases in the alpha-2-globulin fraction and in the closely associated 
polysaccharide of the serum. In far advanced tuberculosis, all globulin fractions 
are increased (287, 288, 290). The total protein of the serum usually remains 
normal in spite of a progressive fall in the albumin concentration (290). The 
strildng changes in the alpha-2-globulm in tuberculosis have been variously 
thou^t to be associated with a specific antibody to a fraction of tuberculin 
(286, 289), with a sensitization of the host (286), and with tissue destruction 
(290) . A protective antibody against tuberculosis has been identified in gamma- 
globulin. In sai'coidoais, the hyperproteinemia is frequently due to a large in- 
crease in gamma-globulin (74, 288, 290) . The other ^obulins are usually more 
concentrated than normal, and the polysacdiaride associated with the alpha-2- 
globulin is increased, though not so much as in tuberculosis (290) . Leprosy may 
produce large increases in alpha- and gamma-globulin (288). In s3^hilis, a 
small increase in serum globulin fractions, especially gamma (53, 231), is ob- 
served. The antibody responsible for the Waasermann and Kahn tests for 
syphilis is concentrated in a fraction of gamma-globulin (52, 53, 57, 231), but 
material giving a positive Hinton test has been found in another fraction (52). 
Anticomplementary activity is a normal property of gamma-globulin, but is 
inhibited by other serum fractions (56, 235). The hjrperglobulinomia of lympho- 
pathia venereum involves all fractions (166). 

The common allergic diseases produce little change in the distribution of blood 
proteins, although antibodies can be identified in the gamma-globulin fraction 
(232). In the group of diffuse diseases of mesenchymal tissue which partake 
both of infection and allergy, the globulins show well defined changes. In acute 
rheumatic fever, there is an increase in alpha-globulin, and probably a larger and 
more prolonged rise in gamma-globulin than would have occurred in an uncom- 
plicated streptococcal infection (68, 166, 190, 272) . Essentially the same changes 
are seen in rheumatoid arthritis, regressing toward normal in remission or recov- 
ery (175, 190, 246, 339, 373). The increased globulin observed regularly in 
disseminated lupus erythematosus is found in the gamma-fraction (40, 190). 
Erythema nodosum is accompanied by increased alpha- and gamma-globulin 
and fibrinogen (190). 

The different stages of glomerular nephritis lead to characteristic changes in 
the plasma proteins. In acute nephritis, albumin is reduced even more than 
indicated by the conventional salting-out methods (182). Gamma-globulin is 
increased in both relative and actual conc^tration and may remain so for many 
weeks. Alpha- and beta-globulin cono^trations are normal unl^ an active 
infection is present (182). The nephrotic stage is associated mth a profound 
reduction in the serum albumin and in gamma-globulm, while the alpha- and 
beta^^obulins are increased (166, 169, 179, 190) . The pattern is virtually diag- 
nostic of the disease. A considerable part of the increase in alpha- and beta- 
globulins is due to lipoids associated with these fractions, which contribute more 
to the refractive increment than to the nitrogen content (16, 169). These frac- 
tions also have an appredable solubility at the hi^ salt concentrations used to 
precipitate ‘’^obulin.’^ These properties result in unusually large discrepancies 
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between eonventional and electropboretic analyses (179). The albumin of blood 
and mine in nephrosis diffei’s from normal in its electrophoretic beha^dor at pH 
4, pi’esumably due to some change in formation, since there is no significant 
difference between the albumins of nephi*otic serum and urine (178). In the 
terminal stage of glomerular nephritis, the plasma shoTV’s a moderate reduction 
of albumin, and usually some increase in the globulins and fibrinogen (179, 190). 

The urinary proteins in nephritis are identical in mobility with the correspond- 
ing serum fractions (179). The relative proportions of the various fractions in 
the urine are determined by two factors, the composition of the plasma and the 
permeability of the injured nephrons. In the presence of a constant renal lesion, 
it is possible to modify the excretion of a fraction by changing its concentration 
in the plasma. A renal “clearance” of that fraction can be calculated which ap- 
pears to be independent of plasma concentration and urine flow over a limited 
range (181 , 182) . Spontaneous changes in the plasma proteins are often reflected 
in the urinary proteins, which may also be affected by a changing renal lesion. In 
the different stages of nephritis, the permeability of the kidney varies, especially 
to albumin, which is most readily excreted in the nephrotic stage (169, 179, 181, 
182, 190), Fibrinogen and the lipoprotdn complexes are only slightly excreted 
in any stage of the disease (169, 179, 181, 190). Albumin and alpha-l-globulin 
thus dominate the urinary pattern in the early nephrotic stage, while the onset 
of the terminal phase may be heralded by an increased proportion of globulins 
in the urine (20) . In amyloid nephims, ie plasma may contain large amounts 
of gamma-globulin which appears in considerable concentration in the urine, 
together with the other proteins of the serum (179). Other types of proteinuria 
show less distinctive patterns. 

Disease of the liver is associated with characteristic changes in the plasma pro- 
tein. In advanced portal dirhoris there is a profound reduction of the serum 
albumin and a large increase in gamma-globulin, while the alpha- and beta- 
^obulins show smaller increase (88, 179, 180, 190). Injury to the liver due to 
arsenic may produce similar changes, but beta-globulin may be more prominent 
(88). Infiltration by metastatic cardnoma produces less striking changes, with 
more reduction of albumin and less increase in ganuna-^obulin (88) . Infectious 
hepatitis (catarrhal jaundice) is associated with a reduction in albu mi n and an 
increase in gamma-globulin, often with smaller increases in alpha-2- and beta- 
globulin (88, 191, 208). Obstruction of the bile ducts resulting in jaundice 
produces little change in the protein pattern for a time, but later the albumin 
may fall and beta-globulin may increase, possibly as a result of secondary changes 
in the liver (88, 166, 384). 

Recently, there has been some interest in the signs of apparent liver disease 
which occur in malaria and infectious mononucleosis (42, 96). The snmlarity of 
the protein patterns in many chronic infections and in liver disease suggests that 
liver dysfunction or injury may play a part in the production of these changes in 
infections, in addition to the more obvious increment of antibody to the gamma- 
fraction. The coUoidal gold and cephaiin flocculation tests for liver disease de- 
pend on an increase in the gamma-^obulin fraction (85, 124, 208), as well as a 
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decreased concentration and stabilizing power of the albumin fraction (208). 
Similar changes are found in malaria (96) and may weU be present in other infec- 
tions. The sedimentation rate of human erythroc}rtes, often used as a measure 
of the activity of an infection or of necro^ of tissue, is not specific in its response 
to any single fraction of the globulins or fibrinogen (97, 190, 290, 301) and may 
also rise ^Yith the increased globulins of liver disease and of other non-infectiouB 
origins (190). 

Several diseases of the blood cells and of their precursors are followed by 
changes in the plaMna proteins. These changes are particularly difficult to evalu- 
ate, since certain secondary effects of the disease may play a r61e in the alterations 
of proteins. The functions of the hematopoietic s 3 rstems in the formation of 
plasma globulins (69, 127, 189, 378, 379) may be disturbed, and the liver may be 
injured by anemia or infiltration. Fever and malnutrition are frequently 
encountered. Perhaps , for these reasons, the changes observed in leukemia (166) , 
Hodgkin’s disease (328), and aplastic anemia (166) are not distinctive. The 
proportions of the plasma proteins are not disturbed in hemophilia (147), but on 
anticoagulant and a lack of the normal coagulant have been found in the plasma 
protdins of hemophiliacs (147, 224). The isoagglutinins of normal blood and 
certain pathological hemagglutinins have been identified in characteristic protein 
fractions (253, 318). 

In multiple myeloma, the electrophoretic pattern of the plasma protein may be 
distinctive and sometimes ifirtually diagnostic of this tumor. Ultracentrifuga- 
tion may show changes even more unusual than those demonstrated by electro- 
phoresis (130, 196, 242). One of several types of protein with the mobility of a 
beta- or gamma-globulin may be present in the plasma, sometimes in large 
amounts (19, 95, 130, 166, 190, 212). The changes in the plasma are quite 
different in individual cases, ran^ng from a normal pattern or a slight reduction 
in albumin to a striking hyperproteinemia due to the accumulation of the abnor- 
mal protein. The urine may contain Bence-Jones protein of a mobility similar 
to the abnormal component of plasma, or may be free of protein despite the 
presence of large amounts of the pathological component in the plasma, or may 
contain considerable amounts of Bence-Jones protein which does not appear in 
detectable amounts in the plasma. When the abnormal component has the 
mobility of a beta globulin, its characteristics in the blood and urine are similar; 
but when the component of the mobility of gammarglobulin appears in the 
plasma, the urinary protein is apparently different from the new component of 
the blood (212). There is some loss of the normal serum proteins in the urine in 
many cas^. 

A reduction in serum albumin accompanies many types of tumor. The alpha- 
2-globulin and an associated polysaccharide are increased in many cases of card- 
noma (290). When the liver is involved, the gamma-fraction may become more 
prominent (88, 290). In a dmilar way, the changes in other tumors may be 
more characteristic of. the physido^cal changes than of the tumor itself (328). 
Infectious tumors of animals may cause changes in the plasma proteins. In 
certain strains of rabbits infected with papilloma, the beta-^obulin fraction and 
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an associated lipoid are increased (298, 340). Fowl with leucosis show an in- 
crease in an abnormal component of the gamma-fraction as early as three days 
after infection (276). Injection of heat-inactivated tumor produces a similar 
change which occurs later and is less striking. 

Several diseases of the endocrine glands cause changes in the plasma proteins. 
A reduction in serum albumin occurs in diabetes (149), Addison’s disease (194, 
195), and both over and under function of the thyroid (148) Corrective treat- 
ment is followed by a return of the concentration of albumin toward normal. 
Desoxycortico&terone acetate may not be as effective as whole adrenal extract 
in the correction of the depression of albumin in Addison’s disease (195). The 
albumin may remain low despite conventional therapy when certain complica- 
tions of diabetes (149, 278) and hyperthyroidism (148) are present, leading to 
the suggestion of high-protein diets under these circumstances. The increase in 
beta-globulin in diabetes (149, 290) and hj’pothyroidism (148) may be related to 
elevated blood lipids. In man, the alpha-globulin is increased in hj-perthyroid- 
ism and decreased in hypothyroidism (148). A decreased albumin and increased 
alpha- and beta-globulins are observed in pregnancy (144, 172). The important 
rdle of the pituitary and adrenal glands in the formation of plasma proteins has 
been discussed in connection with antibodies. The defect in the serum protems 
caused by ablation of the hypophysis (168, 215) can be best remedied by the in- 
jection of pituitary adrenocorticotrophic hormone (160). Growth hormone may 
be quantitatively less effective (160). Removal of the thyroid gland in the rat 
(219) is followed by a reduction of serum albumin, but the change in alpha- 
globulin appears superficially to be opposite to the change in human hypothy- 
roidism. It may be pertinent that the afiSnity of lipoids for the various fractions 
of serum varies from species to species (60, 218). The increased alpha-globulin 
in the rat mi^t be the equivalent of the increased beta-globulin in human 
hypothyroidism. 

The proteins of several body fiuids have been studied in normal and pathologi- 
cal conditions. The lymph (244), serous effurions (32, 109, 180, 276, 288), joint 
fiuids (111, 246), and cerebro-spinal fluid (123) resemble serum in their protdn 
pattern, unless modified by a local inflammatory proce^. The collmdal gold 
reaction, used clinically to estimate the protein distribution in spinal fluid, is pro- 
duced by gammarglobulin and inhibited by albumin (86, 124), as in the case of 
similar clinical tests on the blood. The proteios of milk (312, 313), seminaJ 
plasma (84, 267, 268), pancreatic juice (226), and the fluids of the eye (110) have 
their own distinctive patterns. 


CONCLUSIONS 

Electrophoreris offers a versatile and accurate method for the study, separa- 
tion, and analysis of proteins. Its applications to some biological and medical 
problems have been described. The method has aided in the separation of bio- 
Ic^cally important substance from native mixtures. 

Electrophoretic analysis gives a distinctive picture of the composition of the 
proteins of the body. Such analyses may reflect physiologiGal and chemical 
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changes in the body. The proteins of the plasma show characteristic patterns 
in a number of abnormal states. Like many other chemical and physiological 
measurements in disease, electrophoretic anal3'sis of the plasma can not be ex- 
pected to moke a specific, etiological diagnosis, except in the gradually vanishing 
instance when only one cause of the physiological disturbance is known. Much 
more information is needed for the fundamental interpretation of the abnormal 
changes in the plasma proteins. 
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PROBLEMS IN INVERTEBRATE ELECTROPHYSIOLOGY 

THEODORE HOLMES BULLOCK 
Departmeni of Zoology ^ University of California, Lob Angdes 

Many aspects of the electrophysiolopcal study of invertebrate nervous eys- 
terns have been covered in recent reviews. Thus, the useful articles of Prosser 
(121) and Welsh and Schallek (149) specifically deal with invertebrates while 
those of Bii^op (16) and Grundfest (64) include much recent work on these forms. 
Conduction and exdtabiliiy in nerve are well treated by Curtis and Cole (46, see 
also Hodgkin and Rushton, 71). Wiersma (153) has dealt with muscle physiol* 
in invertebrates. The r61e of acetylcholine is discussed in Nadmiansohu 
(100) and Gerard (56). Chemical excitation of peripheral nerve is reviewed by 
Brink, Bronk and Larrabee (25). 

Recent advances in certain areas of investigation have not, however, come to 
general attention. The present paper undertakes to summarize the present state 
of knowledge in four of the important fields of application of electrophysiolo^cal 
methods: the comparative study of synaptic mechanisms, physiolo^cal neuron- 
ography— which has been applied especially to giant nerve fiber systems, the 
phenomenon of spontaneous central activity and the identification and analysis 
of sensory structures. In each case particular attention is directed to problems 
and opportunities for further investigation. 

Junctional transmiaaion. As a result of recent work, the subject of compara- 
tive synaptology promises particularly interesting contributions to general 
neurology. Whereas the advanti^es of lower forms for the study of conduction 
lie in the apparent uniformity of the mechanism, much of the advantage for 
synaptology hes in the diversity of the manif^tation of a perhaps common 
fundamental physico-chemical process. The diversity appears to rest on quanti- 
tative differences in physiolo^c properties and on differences in anatomical 
arrangement at the junction. 

Nerve nets. Althou^ electrical receding technics have not yet been success- 
fully applied to nerve nets, it appears appropriate to discus briefiy the status of 
our understanding of this important tyx}e of nervous organization. The most 
pnmitive nervous systems known, thc^ oi the coelenterates, have for long been 
regarded as asynaptio. In order to esqplain local responses or subtotal response 
of any kind it was necessary to assume deoremental conduction (Parker, 105), 
a phenomenon for which no independent evidence was cited and which was never 
successfully applied to the explanation df diversified behavicnr patterns in higher 
coelenterat^. In 1935, as a result of the first modem physiolo^cal analysis of 
theae ^Tstems, Pantin (103) offered an alternative explanation depending on the 
existence of discontinuities in the nerve net which require facilitation by succes- 
sive impulses at critical intervals. Such neuro-neural junctions appear to be 
absent or permanently fadlitated in extendve re^ons of the net, the specific 
reactions to stimuli depending on differentiated properties of neuro-myal junc- 
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tions in different muscles. But neuro-neural junctions were found, physiolc^- 
cally, by the dependence on facilitation. Junctions which depend greatly on 
facilitation are probably widespread among invertebrates. Though good evi- 
dence is at hand only for anthozoa and Crustacea (Pantin, 104; Wiersma, 153) 
suggestive evidence has led Fantin to include echinoderms and molluscs (104) 
and Botsford to add annelids (21). Fantin’s picture accords with available facts 
and explains observed responses in a satisfactory way (Fantin, 104; Bullock, 29). 
Anatomical evidence is notoriously difficult to obtain and to rely on in this matter 
but the reports of discontinuity in the net (Bozler, 23; Woolard and Harpman, 
158) are generally given greater weight today than those (96, 105) of continuity 
(66, 74, 33, 104, 121, 42). 

The importance of the question of the existence of synapses in the nerve net 
rests on the fact that if they are there, the well-known diffuse conduction in the 
net forces the acceptance of unpolarized synapses, unless secondary assumptions 
of duplicate paths in every direction are to be made. The balance of evidence 
today, although certainly not ruling out continuity in certain parts of the nerve 
net, indicates that unpolaiized S 3 aiapses exist m the nerve nets of coelenterates 
and probably enteropneusts and other groups (Bullock, 27, 28, 33). Nerve net 
in this usage becomes a physiological term denoting a diffuse locally autonomous 
plexus conducting in aU directions. In tiie present state of knowledge the entities 
classically called nerve nets must be characterized in these terms since the exact 
anatomical status is unknown. In any case, loose usage of the term to include 
ample plexuses of peripheral terminals of neurons whether the cyton is far away 
as in human skin (15, 91) or in the periphery as in insects, worms and possibly 
other forms (155) must be deplored, even if anastomoses between sensory fibers 
are foimd. Unless evidence is available that the plexus can mediate responses 
locally, autonomously, is thus a distributing as well as receiving path, and can 
conduct diffusely, it should not be called a nerve net. 

It may be hoped that electrical recording technics will be applied to these 
nervous systems. When they are, crucial contributions to the question of tiieir 
functional organization and to the general understanding of common denomina- 
tors versus derived properties of nervous tissue may be expected. 

Even more neglected by modem physiolo^cal technics are the synapses and 
neuro-myal junctions in the several phyla of animals possessing gangfionated 
nervous systems simpler in organization than those of articulates and molluscs. 
Considering the great advances in the evolution of nervous function between the 
lowest and the lughest invertebrates it would seem that efforts to analyze the 
properties of nervous units in these intermediate forms would be worth while. 

“Typical” synapses in (xrikropods. Until recent months the only definite 
central synapses in invertebrates which had received careful study by the technics 
of electrical recording were those in the crayfish preparation of Frosser (111, 114, 
119) and the cockroach preparation of Fumphrey and Eawdon-Smith (125). 

Frosser’s preparation indudes the first synapses in the proprioceptive and 
tactile pathways, in particular those between primary sensory cells in the tactile 
hairs of the tail and second order neurons in the last abdominal ganglion. A 
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special aidvantage of this situation is the possibilily of stimulating separately 
each of many sin^e presynaptic units, permitting quantitative study of spati^ 
summation, which in these junctions, in contrast to several others fl-TnoTig the 
invertebrates, is necessary for transmission. Although the pathways are rela- 
tively fast, synaptic delay is long C^'-Sms.). Transmission cannot fdlow above 
ten per second but facihtation is exhibited. After-discharge of the post-synaptic 
units is not marked. The preparation lends itself to the study of effects of ex- 
ternal agents and a variety of drugs and salts has been tested (119). The 
intimate anatomy is still unknown. 

The synapse in the last abdominal ganglion of the cockroach between primary 
vibration receptor afferents from the cereal nerve and large ascending second 
order neurons (125) presents an interesting contrast. Spatial summation is 
believed not to be necessary for the lowest threshold synapses in the rested state, 
but for all others (there are 12-16 second order fibers) supraminimal presynaptic 
volleys are necessary. Delay is as short as that in any natural junction known, 
including central synapses of mammals (but excluding the gimit fiber septa of 
annelids and Crustacea, whose status is still uncertain; see below), i.e., 0.6 ms. 
(Roeder et al., 133) The delay is much longer with weaker afferent voUesns. 
Transmission can follow up to SO/sec. at high intensities of pre^maptic stimula- 
tion, lower frequencies under submaximal stimulation, without showing any 
effects of the successive impulses. At higher frequencies some post-fibers drop 
out and delay is increased, although the remaining fibers continue to transmit 
in a one-to-one manner. In this semi-adapted condition facilitation occurs, as 
shown by recruitment of units upon shortening the interval between stimuli. 
After-discharge can be elicited (133) . Lowenstein (93) has used time of abolition 
of response to air-puff stimulation in a method of bioassay of pyrethrum extracts, 
but it has not been established where, between receptor and second order axon, 
the compound acts. Eoeder et al. (133) have used this preparation to study the 
effects of DFF, apparently the first test of this Important anticholinesterase on 
single synapses. He reports a high senritivity with increase in excitability and 
after-discharge as the first sign^ of effect. Later the synapses alternate between 
periods of complete block and periods dl hyperactivity. Recovery from the 
DFP effect was not complete under the conditions used, but experimice with this 
compound in other cases suggests that more acute experiments, using higher 
concentrations for shorter periods, may produce more marked effects with com- 
plete revcrribility (40). 

The properties of these syna^^es correspond in general to the usual textbook 
description and there is no reason to doubt at present that they are representative 
of most synapses in invertebrates. There exist, however, certain exceptional 
neurons in some of the higher invertebrates which display junctions of such char- 
acter that their status as synapses is even uncertain. Special interest attaches 
to these cases and we may thmefore turn to a brief review of the problem. 

Annelid giant fiber dieconHnvUies. Stou^ in 1926 (143) described and illus- 
trated conspicuous septa across each of the three well-known ^ant nerve fi.beis 
in the dorsum of the earthworm nerve cord, The septa were shown to he com- 
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plete, oblique, sLmple partitions at segmental intervals. The unit of giant fiber 
between each two septa has one or several appended cell bodies so that the giant 
system can be thought of as a chain of compound neurons. Stough applied the 
teim macrosynapse to these large, simple geometrically unpolaiized junctions. 
Eccles, Gronit and Young (49) showed by electrical recording that they conduct 
equally well in both directions and at a speed which permits essentially no time 
to be ascribed to delay at each junction. This has been confirmed (Rushton, 
139, 136, 138 ; Bullock, 31 , 32) . As yet no physiologic sign of the septa has been 
reported although it is to be anticipated that such conspicuous discontinuity and 
differentiation of the fibers will be found to leave some mark in the conduction 
properties. 

The question whether they must be regarded as ssmapses depends^in the first 
place on the reality of the ph 3 rsiologic membrane and in the second upon the 
definition of synapse. Experimental demonstration of a functional membrane 
has not been made. But the considerable thickness of the histological membrane 
(143), the differentiation and interruption of neurofibrils (22, 142, 102, 32), and 
the presence of a clearly distinguishable doubly retractile layer continuous with 
the myelin around the fiber (144) surest that the barrier is real. If this proves 
to be true the usual definition of a synapse as a re^on of functional contact 
between two discrete neuronal units will apply and the properties of polarization 
and delay common to most synapses could not be regarded as defining qualities. 
Instead they noight be regarded as the results of a special anatomical arrangement 
(McCulloch, 97). The question may be met by adopting a more restrictive 
definition of synapse os is done by Bishop (16) who implies that a functional 
connection between discrete units cannot be regarded as a synapse until it has 
been shown to act as a switch which under natural conditions is not always closed. 
The utility of this criterion in specific cases may be questioned. 

Reasons for doubling the reality of the membranes at the septa have been pre- 
sented by Schoepfle (141). The argument is that the potential detected in the 
conducting medium around a nerve or muscle as a propagated wave of surface 
ne^^tivity approaches, is initially posilive and immediately beyond the end of 
such a linear element is not followed by any negativity. Hence only an anelec- 
trotonic or depressing effect could be exerted on another element whose excitable 
part was confined to this region of the external field of the prefiber, i.e., end-to-end 
junctions cannot be expected to transmit excitation but only inhibition. The 
argument is cogent if the geometry of the actual case corresponds to that of the 
theoretical one treated. A rigid analyris of the volume conductor problems 
involved with spedal reference to the eiq)ected effects of the obKque contacts 
(overlapping and tapering), in this case and other more complex forms found in 
other natural junctions is much needed for the proper evaluation of Sohoepfie’s 
argument and for the extension to actual situations of the schemes upon which 
Eccles has recently based a theory of synaptic transmission. 

Ecdi^’ theory (47, 4B) also throws doubt on the reality of the septa of the 
earthworm as physiologic cell membranes. According to this concept a signifi- 
cant dday is theoretically necessary at any real junction, i.e., one where a mem- 
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braiie like that around the exon interrupts the path of conduction. Apparently 
not all neurophysiologists are ready to accept that this is demanded by the 
membrane theory for all possible junctions (personal communications), but in 
any case it makes more important the predse determination of the degree of 
physiological discontinuity represented by the septa of the earthworm giant 
fibers. Conceivably they may provide a crucial test of Eccles’ statement. The 
significance in this connection of the extremely short delays, often 0.1 ms., at the 
artificial synapses formed by the cut end of nerves or central tracts (Bairon, 12; 
Kenshaw and Therman, 127 ; Granit and Skoglund, 61), appears not to have been 
discussed. They are not readily attributed to subtermi^ interaction, which 
would have to occur 10 to 20 mm. from the cut surface in order to allow 0.5 ms. 
for delay, but neither has such a site been conclusively eliminated. Proper 
experiments for a clear localization of the synapse would seem to be practicable. 

The septal system in the earthworm is not an isolated case. Among polychaet^ 
giant fibers with cell bodies distributed along the length of the cord are common 
(90, 65, 54, 10) . Septa have been described in only one form (143) but there have 
been no studies in which such reports might be expected since the first discovery 
of septa by Stough. It seems likely that many of the giant systems with distrib- 
uted cell bodies will prove to have septa. One case is of special interest since the 
available anatomical information describes a typical synapse in each segment, 
with branching terminations of one fiber ending on the main stem of another 
(medial giant fiber pair of Nereis, Hamaker, 65). Yet conduction in these fibers 
and in all others tested in a recent study (15 species) is unpolarized and delays 
can be at most very short (35, 38). 

The lateral giant fibers of the crayfish (85) and prawn (72) have definite septa 
and conduct both ways (Wiersma, 152; Prosser, 121). According to Wiersma 
(154) not more than 0.1 ms. can be attributed to delay at each. 

A special problem is presented by the junctions between these lateral giant 
fibers. Both in Gra3rfish (Wiersma, 154) and earthworm (Rushton, 136) a con- 
siderable delay (0.8 ms.) is introduced when an impulse crosses from one lateral 
to the other. There appears no reason to suppose the junction is polarized but 
it is easily fatigued in the crayfish. Eushton finds that in the earthworm im- 
pulses in the laterals which are thus made out of phase by 0.8 ms. somehow get 
into step if a sufficient length of fibmr is available. Can electrotonic interaction 
of the type of Katz and Schmitt (87) be invoked — slowing down the leading or 
speeding up the trailing impulse? 

Artificial synapses. Eecently increased tignificance has been placed on studies 
of so-called artificial siniapses. On the one hand they have been the only prepa- 
rations available in which the pnroperties of single junctions could be readily 
studied until Kuffler obtained isolated nerve muscle junctions (88), On the 
other hand they offer the valuable opportunity of varying the geometrical rela- 
tions at the junction. These advantages have been best exploited in the work 
c£ Arvanitaki (8) on “ephaps^” of squid ^ant fibers. She demonstrated that 
the pre-fiber could leave the post-fiber in an excited state only when it was ar- 
ranged spatially in such a way that the impulse was not conducted past the 
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iimctioii, thus permitting anelectrotonic depression to tenainate the action. 
When the impulse in the pre-hber stops soon after reaching the junction its final 
action is catelectrotonic and excitation takes place. The behavior of the prepa- 
rations argues strongly for a purely electrical transmitter action and accounts 
quantitatively for the observed delay. There would appear to be no reason 
why an appropriate geometric arrai^ement of the elements could not provide 
an ephapse conducting in both directions, although this point was not tested. 
The properties of this preparation were particularly important in the elaboration 
of Eccles’ (47, 48) picture of synaptic transmission. 

Other artificial synapses which have been studied include the juxtaposed fibers 
of crab nerve (Arvanitaki, 7 ; Jasper and Monnier, 84; Katz and Schmitt, 87), and 
vertebrate nerve prepared in various ways to measure the effects of active fibers 
upon inactive ones (Marazzi and Lorente de No, 95; Bishop, 14). A preparation 
of special interest is the synapse formed at the cut end of nerve where impulses 
in fibers from the ventral root may be transmitted to fibers of the dorsal root 
(Gronit and Sko^und, 61) to a degree depending on a complex of factors and with 
an apparent delay as short as 0.1 ms. It may be expected that much of signifi- 
cance will be learned as this type of preparation is studied with respect to the 
locfd processes and to comparison of nerves with component fibers of diverse 
proportions, excitability, accommodation and other properties. 

Phenomena with probably the same baas have been observed in the central 
nervous system at the site of an interruption of the dorsal columns (12, 127) of 
the spinal cord. A very short delay is present in these cases also. 

Artificial synapses in general have still much to offer, especially for quantitative 
study of those factors in transmission which are peculiarly under the control of 
the investigator in such preparations. They will continue to reward study even 
though natural synapses permitting ol^iv^ation of the unit junctions are rapidly 
becoming available. 

PreparaUons for study of unit junction. One of the most interesting results of 
recent work on various invei'tebrates has been the more or less incidental dis- 
covery of preparations permitting, with varying degrees of ease, the recording of 
activity of single synapses. The following are now available for this purpose. 
1. The junction of primary sensory neurons from tactile receptors and second 
order ascending neurons in the last abdominal ganglion of the crayfish. 2. The 
similar synapse between cereal nerve afferents and ^ant central fibers in the last 
abdominal ganglion of the cockroach. 3. The synapses between medial as well 
as lateral giant fibers and segmental giant motor fibers in each abdominal gan- 
glion of the crayfish. 4. That between the second order and third order giant 
fibers in the stellate ganglion of the squid. 5. Single nerve-musde junctions 
isolated by dissection. It will be worthwhile to note the possibilities and limi- 
tations of these preparations. 

1. Prosser’s preparation has been mentioned above. While well suited to 
measurements of overall transmission properties and to expeonments on altered 
external conditions, this preparation will probably not be convenient for record- 
iz^ the local signs of activity at the junction. Simultaneous activation of several 
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different ganglioiiic elements by each incoming impulse usually occurs, even 
though but one of these may be detected in the cord beyond the ganglion. 
Spontaneous firing of cells in the ganglion is continually going on under good 
conditions. 

2. Pumphrey and Rawdon-Smith’s preparation in the cockroach has many of 
the same advantages and disadvantages. The post-fibers being giant it may 
prove possible however to record local potentials relatively uncomplicated by 
small fiber activity, although the possibility of local reflex response (not appearing 
in the connective anteriorly) has not apparently been excluded. The existence 
of through fibers which are activated along with those that stop in the ganglion 
may prove a complication (but see 133). The principal limitations, however, are 
the diflSculty of stimulating single pre-ganglionic units and the difficulty of con- 
fining the post-synaptic response to the same single unit for the duration of an 
experiment. There are a number of ^ant fibers, recruitment is well developed 
and the response at supraliminal stimulation is irregular. 

3. Of quite a different character are the synapses in the crayfish between 
penultimate and finn.! motor neuroi^ of the giant system. These have been 
shown by Wiersma (154) to offer unique advantages. One asset, not yet fully 
exploited, is that the anatomy of the synapse, relative to most non-giant synapses, 
is quite accessible. It has been described for the related form, Leander (Holmes 
72; see also Johnson, 85, on Cambarua). The four pre-fibers can be activated 
separately or in any combination, and in the root of the third peripheral nerve 
from each ganglion activity of a single post-fiber may be recorded. Some of Hie 
summation properties, the delay (0.7-1 .0 ms.) and the fact of irreciprocal trans- 
mission have been reported but the posribilities for local response recording have 
not been e 3 q)lored. The circumstances are not ideal for single unit analysis 
owing to the presence of other junctions between the same pre-fibers and motor 
fibers of the tot and second nerves. 

4. The giant synapse in the stellate gan^on of the squid comes closer to the 
ideal for unit junction analysis. The intimate anatomy has been elegantly 
worked out by Young (162). A preliminary report of the phjrsiologic properties 
has been published (Bullock, 37) . There are two giant pre-fibers, whose syiiapses 
upon the post-fiber differ, and it is ea^ to stimulate one of these alone, althou^ 
the other has not yet been so stimulated. A single post-fiber occurs in each of the 
stellar nerves and both pre- and pc^t-fibers are of large diameter right up to the 
synapse- The fibers are in contact for nearly a millimeter. Leading directly 
from the ganglion, the local synaptic potential as well as both pre- and post-spikes 
are readily recorded. 

Summation is not necessary; every presynaptic unpulse is tr ansmit ted up to at 
least 300 per second. The delay is 1.2 ms. in a fresh preparation but can be 
doubled by fatigue. Transmission is polarized. Fatigue is rea^ brou^t on 
and maintained by stimulation at moderate frequencies, permitting study of tiie 
local response alone, while recovery and return of the spike can be induced at 
any time by reducing the frequency. Untransmitted impulses are thus seen to 
continue to exert an effect, preserving fatigue of the junction, apparently by 
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acting on the postsynaptic unit. Under such fatigue facilitation can be dem- 
onstrated. Refractory period of the local response may be absolute for a milli- 
second after which a response occurs but with an amplitude proportional to the 
interval, up to 2 or 3 ms. or more.^ The synaptic potential when not intentionally 
depressed is estimated to rise at least three times higher than the threshold value 
for initiation of the propagated impulse. Its latency is not necessarily increased 
uith fatigue but the height is reduced. The general picture forms an interesting 
comparison and contrast with the well-known work of Eccles (see 48 for refer- 
ences) on the synaptic potential recorded from many semi-synchronized synapses 
in the mammalian sympathetic ganglion. It is also very reminiscent of the 
artificial S3mapse of Arvanitaki (8) and the ^gle neuro-myal jimction of 
Kuffler (88). 

5. The well-known work of Pantin (104 et ante) and Wiersma and van Harre- 
veld (153 et ante) on the remarkable nerve-mu&cle relations in Crustacea is being 
extended by study of the local events at the junction (Kuffler and Katz, 89, 86). 
Although it has apparently not been possible to isolate a sin^e junction as was 
done in frog muscle, these authors are able to show the basis for the great de- 
pendence on facilitation. A single impulse arriving over an excitatory nerve 
fiber elicits only a small, non-propagated response comparable to the endplate 
potential described earlier in vertebrates. This local response grows ■with suc- 
cessive imposes at suitable frequencies (facilitation) and mechanical contraction 
accompanies it. Thus non-propagated, graded mechanical contraction is clearly 
demonstrated, in essentially intactlimbs, as a normal mechanism, just as Wiersma 
(153) had predicted. Above a certain threshold of frequency propagated re- 
sponses are said to occur. Confirming Wiersma and van Horreveld it is shown 
that impulses arriving over inhibitory nerve fibera can abolish both contraction 
and local potential produced by excitatory impulses. How this occurs can not 
yet be surmised but that it occurs subsequent to the action of the transmitter on 
the post-junctional membrane is indicated by the fact that facilitation contuiues 
during a period of inhibition, the response when inhibitor activity ceases imme- 
diately rising to the degree e:q)ected if no such period had supervened. The 
results do not offer any obvious aid in choosing between electrical and chemical 
transmitters, being compatible -with either assumption. Further observations 
of this kind, particularly extensions of the technic to other muscles and other 
invertebrate groups will certainly repay effort. 

Physiological rmaronography. Dusser de Barenne (98) applied this term *50 the 
technic of mapping neuronal connections by following strychnine-induced spikes 
thiougih the brain. It is equally appropriate for any technic designed to reveal 
intimate anatomy or functional organization by tracing electrical signs of nervous 
activity. This application of the methods of electrophysiology represents one of 
the most fruitful directions of investigation available to the comparative neurolo- 
gist. Althou^ well developed in vertebrate neurology, it has only begun to be 
exploited among invertebrate. 

1 la fr^iher preparations refractotin^ of the local response may be absent at all inter- 
vals down to 0.2 ms., the shortest tested. Summation becomes prominent in these oases. 
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Prosser’s (111) analysis of the pathways open to afferent volleys initiated ia 
various parts of the crayhsh is an excellent example of this approach, showing as 
it does many facts about functional neuroanatomy which would be impossible or 
extremely difficult to demonstrate by histological methods. Thus it was possible 
to specify that certain kinds of impulses, traveling in a £^ven direction and result- 
ing from a given type of stimulation, cross in the cord and others do not. The 
proper evaluation of the relations found largely awaits RiTnilftr studies on related 
forms. The same author (113) mapped the area innervated by peripheral nerves 
in the earthworm, characterized the impulses elicited by various forms of stimula- 
tion and obtained evidence against the existence of a nerve net in the skin. 
Prince (108) analyzed in a very successful way the reflex mechanism of the 
insect leg. 

But virtually all other effort in this direction has concerned itself with the 
giant fiber systems found in widespread groups of both invertebrates and verte- 
brates. This is largely due to their technical accessibility, especially to electrical 
recording apparatus. The action potential in these fibers is so large that im- 
pulses in single fibers are easily recorded without elaborate dissection, indeed, in 
many cases from the external surface of the intact animal (139, 32, 35, 38). By 
tracing these impulses it is possible to reveal anatomical information such as the 
number of independent units, their extent (whether through-conduction or only 
short pathways), their anastomoses, cemtribution to peripheral nerves, connec- 
tions with sensory and motor neurons and junctional properties. 

Anndida, The first ^ant system from which action potentials were recorded 
was tiiat in the earthworm. Eccl^, Granit and Young (49), in a short note, 
reported that impulses were conducted in both directions and at a rather high 
speed. Earlier workers had concluded that the median fiber conducted posteri- 
orly and the laterals anteriorly. Rushton (136, 138) and Bullock (31, 32) 
confiimed and extended these newer results. It was pointed out that the seg- 
mental septa which Stou^ (143) had shown to divide the fibers completely 
almost ten times every centimeter must not delay the impulse significantly. The 
problem of interpreting the septa is discussed above under “Jimctional transmis- 
sion.” The earlier observations suggesting polarized conduction were explained 
by finding a topographic limitation of sensoiy connections to the ^ant fibers. 
Ihe anatomically reported anastomosis between lateral fibers could be confirmed 
dectrically. Motor cormections have not been worked out but it is indicated 
that the three central giant fibers arc probably not themselves efferent, that they 
elicit different muscular responses comprlring the startle or withdrawal reflex^ 
to stimuli applied to different parts of the body, and that the boundary between 
these regions must shift under different physiolo^c conditions (137). 

Amassian and Floyd (5) describe repetitive firing of these fibers under certain 
conditions of galvanic stimulation. 

The general features of the giant system are quite uniform among various 
oligochaetes but old anatomical evidmee suggests that in the polychaetes a 
diversity of plan is to be found. This has begun to be exploited in recent studies 
(Bullock, 36, 38 ; Nicol and Young, 101). Many families of this large and diveisi- 
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fied group lack giant fibers while others possess apparently fixed patterns consist- 
ing of from one unit to several dozen units. These may be compound or the proc- 
ess of a single cell, entirely centi'al or efferent, long through-conduction paths or 
short, independent units, connected to sensoiy neurons throughout the body or 
only in restricted regions. All the through-conduction central fibers conduct 
both ways and agree in mediating a withdrawal response to startle stimuli. 
Giant fibers occm* from less than 10 to more than 750 micra in diameter; apparent 
overall conduction rates, assmning no delays, fall in the range 1-10 m/s. 

Arthropoda. Giant fiber systems in crustaceans, anatomically known from 
the accounts of Johnson (85), Lowe (92), and Holmes (72), have also been inves- 
tigated physiologically only recently. Wiersma (162) reported unpolarized 
conduction and a certain pattern of interrelations between medial and lateral 
fibers as regai-ds summation of effect on abdominal musculature in crayfish. 
Hohnes, Pumphrey and Young (73) used these fibers in prawns to study conduc- 
tion velocity as a fimction of fiber structure. Prosser and Altschule (121) report 
confirmation of Wiersma’s general findings. The first extended account of a 
functional analysis of the crustacean ^ant system appeared in Wiersma's recent 
(154) report. He shows that the four distinct giant fibers all act on the same 
effectors, presumably through the same final motor neurons. No evidence is yet 
available of the difference in function between lateral and medial giants. Sensory 
connections are not known. As in the earthworm, the lateral fibers are connected 
together, but in the crayfish the connection is apparently synaptic, not anasto- 
motic as has been assumed for the earthworm. Several interesting types of 
junctions between units of the system are discussed under “Junctional trans- 
mission.” 

The only studies on a comparable system in other arthropods are those of 
Pumphrey and Rawdon-Smith (125) and Boeder et al. (133) on the second order 
neurons in the auditory pathway from cereal receptors of the cockroach. These 
fibers ascend from the last abdominal ganglion, as through-conduction paths. 
Because of their high velocity and large diameter these authors use the term giant 
fibers but it may be questioned whether this is appropriate. In all other cases 
where the term is used a conspicuous discontinuity in size between the fibers in 
question and the next largest is recognizable. It is thus not used for the largest 
fibers in mammals though these are lar^r than some definite giant fibers in poly- 
chaetes, enteropneusts and others. Available evidence suggests that the large 
fibers in the cockroach as in other insects are the extremes of a continuous size 
spectrum. Nevertheless they permit recording and tracing of impulses and offer 
favorable opportunities for analysis of insect central nervous organization. The 
experiments of Pumphrey and Rawdon-Smith deal chiefly with the synapses in 
the last abdominal gan^on (see “Junctional transmission”). 

MoUuaca. Until recently the only giant nerve fib^ recognized in molluscs 
were those of decapods, althou^ many early anatomists called attention to 
enarmouB nerve cells in various gastropods. Arvanitaki and Cardot have re- 
ported that the common snail Hdix and the marine slug Aplysia display ^ant 
fibers in the intei^angjiomo connectives (9, 41). Althou^ an adequate desciip- 
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tive account of the anatomy is not ^ven, a technic of extruding the cell bodies 
through their tube-like giant processes is presented. The chief interest of these 
authors has been the possibility of recording cell body potentials in isolated neu- 
ron somata. The potentials recorded in the connectives are remarkably long 
lasting (40 ms.) and slowly conducted (1 m/s) . On present evidence it is difficult 
to orient the situation in these forms in terms of more familiar groups. Further 
elucidation of the gastropod plan of giant neurons will be awaited with interest. 

The plan in decapods is at least as well known as that in any group, as a result 
of the anatomical work of Young (162). But, although the third order giant 
fiber from the squid has been the most studied giant preparation, as yet virtually 
no physiologic study has been made of the central organization of the system. 
The experiments of Young (161) on conduction through the stellate ganglion in 
the absence of cell bodies and of Bullock (37) on the properties of the synapse 
between second and third order giant fibers, in the same ganglion, are the only 
exceptions. The peripheral organization has been studied by Prosser and Young 
(123)’ and Pumphrey and Young (126) who have shown the neuromuscular 
relations and the significance of conducticm velocity. 

On the whole, the investigations made thus far upon giant fiber systems have 
been almost entirely exploratory. The preparatLons thus made available offer 
great opportunities for future work both upon functional organization at the level 
of comparative physiology and upon fundamental properties of units at the gen- 
eral physiologic level. StiU other preparations are possible as well. Giant 
systems are known in many groups, even as low as the enteropneusts (30, 33) 
whose nervous system is very primitive. The hi^ speed conduction tract in 
the mesenteries of anthozoans {CdlUactMf Pantin, 103), overlapping as they do 
the lowest conduction rates observed in known giant fibers of polychaetes (38) 
suggest that possibly something very like a giant system is present already in the 
lowest phylum having a differentiated nervous system. Forms such as the 
stomatopod, Sguilla, would seem to oSer favorable circumstances for special 
studies, owing to large size and transparency of exoskeleton over the nerve cord; 
they have been found to possess good ^ant spikes (Bullock, unpub,). The need 
of further work on the giants of lower vertebrates (Mautbner and Mllller fibers) 
may also be mentioned. These classical objects of anatomical study, source of 
some of our best cytologic knowledge of the vertebrate synapse, have only re- 
ceived their first ^ectrophysiologic study (58). Of all giant systems least is 
known concerning the function in these vertebrate ones, much studied as they 
havabeen by experimental embryolo^c methods. It would seem that much of 
interest could be learned by recording from the fibers in life under conditions of 
physiologic, as well as direct, stimulation, but the necessity of finding particularly 
favorable species must be emphasized. 

Spon^netms Central AcBmiy. As is well known from the work of Adrian (1, 2), 
Eijlant (128), Prosser (109, 116), Bonnet and Bremer (19), Bonnet (17, 18), 
Boeder (134, 131), activity occurs in the central nervous system of arlhropoda 
in the absence of apparent stimulation. This has been Extended to annelids 
(62, 63, 99, 84) and molluscs (26, 34) but as yet to no other groups besides verte- 
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brates. This last does not mean other groups have been found to lack such 
activity. Spontaneous activity has been found in every animal suitably tested. 
Like that in vertebrates, it is not fundamentally altered by deafferentation and 
persists in isolated ganglia or pieces thereof for long periods under conditions 
which need not be regarded as abnormal or excitatory. The consistent finding is 
striking that the general pattern of activity is much the same in the intact and 
probably excited animal, the intact and probably unexcited animal and the 
isolated ganglia after frank injury discharge ceases. 

Interest in this t 3 rpe of nervous function has centered around certain problems: 

1, spontaneity as a general phenomenon and its relation to rhythmic pacemakers; 

2, the influence of environmental agents; 3, the bearing of such activity in inver- 
tebrates upon the interpretation of brain waves as seen in man, and 4, the 
significance of special types of pattern such as “visual rhythms.” 

Studies on the first of these have been thus far largely descriptive and have 
demonstrated the widespread occurrence of the phenomenon. It is present in 
the quiescent moth pupa (34) during a time when many of the neurons are dedif- 
ferentiating, others diflerentiating in a general reorganization of connections, 
sensory and motor functions are at a low ebb, appendages are absent and the 
musculature is largely dedifferentiated. It is apparent in small fragments of 
isolated gan^a, as in the cardiac ganglion of lAmvlus (6, 30). Even some 
peripheral sensory neurons exhibit spontaneous discharge (59, 94, 140, 53). But 
it is absent in many neurons under normal conditions; for example, giant neurons 
of earthworm, crayfish and squid. Experimental analysis has begun, with the 
study of agents which can alter the pace or initiate it in inactive cells and fibers 
(electrical polarization, 11, 50, 7, 39; oxidative control, 122; ions, 117, 118, 120, 
131; temperature, 112;drugs,20, 134; general, 50, 18,24). Details cannot be given 
hem but it is apparent that many factors contribute to the determination of 
frequency of a pacemaker and that under appropriate conditions any neuron 
can be mode to discharge rhythmically in the presence of a steady state environ- 
ment, in the manner of a relaxation oscillator. It is therefore a question of the 
individual properties of the neuron, ils thi’esholds and time constants, whether 
and how active it will be under particular “normal” conditions. The phenome- 
non of spontaneity is, of course, not thereby expired but the quantitative 
definition of the difference between spontaneously active and inactive neurons 
is begun. 

The relation of invertebrate manif^tations of spontaneity to the interpretation 
of vertebrate brain waves has been discussed elsewhere (34). It was pointed out 
that comparative studies reveal a hi^ degree of uniformity in the general pattern, 
especially the general position ^ the frequency spectrum of brain waves in all 
vertebrates. The uniformity is such that the smooth, slow (chiefly 1-80 per sec.) 
character of the activity obtains alike (thou^ not without some significant differ- 
ences) for intact human brain, deafferented cortex, isolated basal ganglia, the 
non-corticated frog brain and isolated fragments of the frog olfactory lobe as 
small as 0.1 mgm. “This, together with other evidence, sii^gests that brain 
waves should be looked upon not as a sign of the higher aspects of nervous aotiv- 
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ity but as a reflection of some basic, primitive common denominator of the brain 
of fr<^ and men.” It is this general agreement in character among vertebrates 
that gives significance to the comparison with invertebrates, for a RimilaT agree- 
ment exists among them, but the common pattern of invertebrates is strikingly 
different from that of vertebrates. The former are characterized by fast, spikey 
activity, many spikes having the time relations of single axon action currents and 
the dominant frequency being probably twenty times that of vertebrates. Dis- 
cussion of the evidence leads to the conclusions that the prominence of spikes in 
one group and their virtual absence in the other is not readily attributed to size, 
or to complexity or synchronization, that slow waves comparable to vertebrate 
brain waves are present in many invertebrate ganglia (17, 18) and that both 
here and in vertebrate brain waves they are probably not explained as a resultant 
of impulse action currents but rather as a separate form of neuronal activity — a 
slowly oscillating change of state or beating (Gerard, 55) of masses of nerve cells 
in unison. In support of the last are such facts as these: the slow and spikey 
components in an iosect brain can be altered by environmental agents separately, 
each can exist in the virtual absence of the other, in rh 3 dhmically discharging 
ganglia like the cardiac ganglion of LimuZua, each discharge not only includes 
both components but the slov^ waves may initiate the discharge, preceding the 
first spike. Further evidence, including slow wave propagation in the absence 
of synaptic pathways, has been presented by Gerard (56) from studies on verte- 
brates and discussed in Bullock (34). The far-readiing implications of the 
assumption that neurons can affect each other by means distinct from classical 
impulses in synaptic pathways are obvious (see Bremer, 24). It seems apparent 
that the comparative approach to brain waves and spontaneous activity generally 
has significant contributions to make to the basic understanding of these asi)ects 
of neural function. 

An important special case of slow activity has been extensively studied (Adrian, 
3, 4 ; Crescitelli, 45 ; Jahn, Wulff, 80 ; Bernhard, 13) in the insect. Here rhythmic 
potentials occur which are not stiictiy spontaneous in that they are related to 
visual stimulation, even though they often occur for considerable periods after 
stimulation has ceased. Much work has gone into the descriptive analyBis of 
the visual rhythms and the localization of the activity but as yet little work has 
been directed toward the problem of their basic nature. H their strong resem- 
blance to vertebrate brain waves is more than superficial, as seems likdy, they 
should represent useful material for experiments on the meaning of brain waves. 
Adrian (4) evidently regarded the oscillatory potential of the insect visual system 
as a composite of impulse discharges, but evidence has been cited (34 and below, 
p. 667) that although spikes may be synchronized with acertain phase of the slow 
wav^ the latter cannot be explained as an envelope or resultant of nothing but 
impulse spikes. 

/Sense Organs. As has been abundantly demonstrated in vertebrate physiol- 
ogy, one of the most successful applications of dectrophytiolo^o methods is in 
the identification and characterization of sensory structures. Examples of this 
approach on invertebrate material serve to emphasize its poembilities. Although 
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some of these cases have been reviewed dsewhere, it seems desirable to bring 
them together "vvith more recent ones to underline the opportunities for further 
work. 

Prosser (1 10) discovered by action current recording the presence of a primitive 
photoreceptor system in the last abdominal ganglion of the crajrfish. The 
properties of such cells are of great interest as they are apparently still undiffer- 
entiated anatomically from ordinary nerve cells (Welsh, 148). There are evi- 
dently only a few units but they can play a significant r61e in the activity of the 
animal deprived of eyes (148). Latency is long, maximum response is attained 
only after some seconds and may even occur after the light is turned off, adapta- 
tion occurs but slightly and slowly, activity continues for some seconds after the 
stimulus is removed. This preparation is well worth further attention. 

Other primitive light receptors have been studied in the pelecypods. Hartline 
(68) found that one group of cells in the eye of the scallop responds, much like a 
large group of the elements of the vertebrate eye, with a burnt of impulses at the 
*‘on,’’ reaching highest frequency almost Immediately (in contrast to the caudal 
photoreceptor of crayfish) and adapting greatly, ceasing promptly at “off” — 
with rarely an after discharge. Another group of cells also believed to be primary 
sense cells are “off ’’-responding like another large group of elements in the verte- 
brate eye — silent during illumination and firing at its cessation or reduction, to 
a degree dependent on the degree of illumination, suppressed promptly by reillu- 
mination, and often synchronized into rhsrthmic bursts. An especially notable 
feature of these two types of elements in the scallop eye is that they are anatomi- 
cally separate and send their axons through separate nerves. Pi6ron and S^al 
(106) recorded slow waves and nerve action currents attributable to the scattered 
photoreceptors in the skin of the siphons of the clam Mya. On and off respond- 
ii^ systems had distinct properties. 

More advanced li^t receiptors, forming well developed eyes, have been studied 
surprising little considering the elegance of the technics and the accessibility 
of the structures. Analysis of properties of units especially has logged. The 
classical work of Hartline and his collaborators (57, 70, 69 et ante) on the single 
units in Limidua still stands unique. A point of special int^est in one of the most 
recent contributions of this group (157) has not received the attention it deserves. 
Although off receptors are said to be absent from the Limulus eye, an off response 
is found in the ganglion where the primary sense cells synapse with second order 
neurons. The off r^p^nse is as readily elidted by artificial stimulation of the 
n^e carrying the primary afferents as by photic stimulation of the eye: upon 
cessation of the afferent volley to the gan^on certain neurons therein discharge. 
This phenomenon has been heretofore assodated with receptor elements only; 
the posdbility iihat it may be a normal mechanism of central synaptic activation 
is not an accepted part of current neurophysiologic teaching. Studies directed 
toward the questions (a) is this in fact a generally used central exdtatory mechan- 
ism? and (b) how can it be understood on any the existing theories of synaptic 
transmission? are urgently needed. 

A considerable body of work has accumulated dealing with the large slow po- 
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tentials associated with the illumipatioii of photoreceptor elemeiits iB. insects and 
cephalopods. These “retinal” potentials resemble in general the responses in 
vertebrate eyes and in some forms direct identification of waves with those of 
vertebrates appears possible (146). Li other cases agreement has not been 
reached on the component waves even in closely related a-nimala (13, 146). 
Analysis of the waves has led to the assignment of some to the optic gangHion 
and others to the receptors alone (80, 13). It has shown how the pattern varies 
with intensity and the state of adaptation (75, 43, 159, 67), with a remarkable 
diurnal rhytl^ in sensitivity (77, 79, 82, 169) and wiii temperature (81). In 
spite of the considerable effort, we are still much in need of comprehensive ana- 
lytical work towards the definition of common denominators. And thus far the 
electrical events have not been successfully identified with any nhR T»^fi«-l or 
excitatory processes. Significant relations with nerve impulses are indicated, 
however, in the facts (1) that certain of the slow waves always be^ before nerve 
fiber spikes appear, as is true in vertebrates (Adrian, 2; Bullock, unpublished 
observations), (2) at a certain phase of the slow “off” deflection all spike activity, 
even the spontaneous fraction, may be inhibited (Bernhard, 13) and (3) spike 
activity during illumination tends to be grouped into bursts in phase with the 
rhythmic oscillatory slow waves (4, 13, 36). 

The distinction between two grou{» of fibers in the peripheral nerves of the 
earthworm, whose end organs are sensitive to two different kinds of stimulation 
(113), represents one of the most primitive cases of differentiated sensory struc- 
tures physiologically recognized. It may be hoped that the method will be 
applied at even lower phyelogenetio levels. Th^ findings doubtless represent 
the lowest known proprioceptors. Their properties and the possible occurrence 
of stretch receptors in other forms, including nemerteans and polychaetes, should 
be examined with special reference to the unique degree of extensibility, both 
active and passive, in these animalB. 

Proprioceptors have been identified dsewhere among invertebrates only in 
insects. As a result of the work of Pringle (107) special receptors in the cock- 
roach can be designated as position sense organs thou^ they are also receptive 
of other mechanical stimuli. They are of special inters because of their mech- 
anism and properties and because of a peculiar importance in DDT pmsoning. 
Pfinglft has recognized two kinds, campaniform sensilla and hair sensilla. Each 
is distributed in specific patterns on the appendages and body, strategically 
located to detect stresses in the exoskdeton and movement of folds in inter- 
segmental membranes, respectively. 

The campaniform sensifla appear to be spedflcally sensitive to compressive 
forces in the cuticle and each end organ, indeed each group of sensilla is oriented 
so as to detect only components along a c^dnin axis. Thdr properties are similar 
to some types of vertebrate proprioceptors but a difference of probably broad 
significance is that they respond not to tension in individual muscles but to tiie 
integrated result of several muscles, the force of gravity and the position of the 
member in rdation to the force. Here is yet another case of the peripheral 
integration seen in so many invertebrate sensory and motor relations. A point 
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of anatomical interest is the strong probability that the nerve fibers from several 
end organs join to form a single afferent fiber in the peripheral nerve — as is likely 
also in annelids ^rhere many more primary sense cells than fibers in the segmental 
nerves are found (113). It should be emphasized that there are probably many 
other receptors acting as proprioceptors, for the anatomy of insects is such that 
most mechano-receptors (tactile hairs, chordotonal organs, etc.) must respond 
to touch, pressure, muscle tension, gravity and movement, rarely being able to 
distinguish one form of stimulus from others (see Wigglesworth, 155). 

Boeder (132) and Roeder and Weiant (135) have shown these structures to be 
especially susceptible to DDT and probably the first organs to respond to this 
poison, although no definite relation between its action on these receptors and 
its lethality can be stated. In great dilution DDT evokes prolonged trains of 
impulses in the nerve fibers from the proprioceptors, bombarding the central 
nervous system with an intensity that might well explain some of the observed 
motor effects (147). 

Soimd receptors have been studied electrically in insects by Wever et al. (151, 
150) and Pumphrey and Rawdon-Smith (124), whose work is reviewed by 
Wiggl^worth (155). 

Among the more conspicuous opportunities in the area cl sensory physiology 
the following may be mentioned: confirmation and characterization of the gyro- 
scopic organs of equilibrium in the halteres of dipterans and others (Wiggles- 
worth, 156); demonstration of the distinctness, or lack of it, of receptors for spe- 
cial forms of stimuli — ^thus, touch and pressure, pressure and muscle tension, heat 
and cold, nociceptive and heat or cold, etc. (Frings, 52), subdivisions of the 
chemical sense (51, 155); single unit analysis of photoreceptors for the direct 
demonstration of color reception in insects and others — in the manner of Granit’s 
already classical work on vertebrates (see 60). 

if any general conclusions are to be drawn from the group of studies here cited 
they would certainly emphasize anew the pregnancy of ihe comparative approach 
both for providing leads, clues and perspectives of value in strictly mammalian 
neurophysiology and for providing material uniquely suited to many fundamental 
e^>eriment8 in general neurology. Thm far work in this area has gone little 
beyond essploration; the principal opportunities are still ahead. 
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